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Preface to First Edition 


This manual began as a collection of laboratory protocols that were used 
during the 1980 Cold Spring Harbor course on the Molecular Cloning of 
Eukaryotic Genes These procedures had been in use in our laboratories at 
that time but were scattered throughout the notebooks of many different 
people In 1981 we decided to produce a more complete and up-to-date 
manual not only for use in the next Cold Spring Harbor course, but also for 
eventual publication Out of the many permutations of the methods being 
used, we assembled a set of “consensus protocols,” which were photocopied 
and widely distributed to many laboratories even as the 1981 course was 
underway Then in the winter of 1981—1982, the manual was substantially 
rewritten, and new or revised protocols and figures, as well as entirely new 
chapters, were added 

Even since this last rewriting, however, the field has progressed; New 
methods are constantly being invented and existing techniques are altered in 
response to changing needs Although we have included in this manual only 
those protocols that have been thoroughly tested and used successfully in our 
laboratories, we make no claim that they are inviolable or perfect We would 
welcome suggestions for improvements, and we would be grateful to be told 
about any new procedures that are devised 

The evolution of protocols poses the difficult problem of attribution We 
have tried to give credit at appropriate places m the text to the people who 
originally developed the procedures presented here, but in many cases 
tracing a particular method to its undisputed roots has proved to be impos¬ 
sible We therefore wish to apologize—and to express gratitude—to those we 
have been unable to acknowledge for an idea, procedure, or recipe Our major 
function has been to compile, to verify, and, we hope, to clarify, less frequent¬ 
ly we have introduced modifications, and only in rare instances have we 
devised new protocols In large part, then, the manual is based on procedures 
developed by others, and it is to them that any credit belongs 

Because the manual was originally written to serve as a guide to those who 
had little experience in molecular cloning, it contains much basic material. 
However, the current version also deals in detail with almost every labora¬ 
tory task currently used in molecular cloning. We therefore hope that 
newcomers to cloning and veterans alike will find material of value in this 
book. 

Although molecular clorung seems strmghtforward on paper, it is more 
difficult to put into practice. Most protocols involve a large number of 



individual steps and a problem with any one of them can lead the experiment¬ 
er into difficulty It is a good idea to verify the products of each step and to 
include controls to check the efficiency of each reaction To deal with these 
problems, a well-founded understanding of the principles underlying each 
procedure is essential We have therefore provided background information 
and references that may be useful should trouble occur 
This manual could not have been written without the help and advice of 
members of our laboratories and contributions from many others We 
therefore wish to thank Joan Brooks, John Fiddes, Mary-Jane Gething, Tom 
Gingeras, David Goldberg, Steve Hughes, David Ish-Horowicz, Mike Mathews, 
Patty Reichel, Joe Sorge, Jim Stringer, Richard Treisman, and Nigel Whittle 
We wish particularly to thank Arg Efstratiadis for his helpful discussions and 
criticisms of Chapter 7; Brian Seed for permission to include a description of 
his unpublished procedure for screening libraries by recombination (Chapter 
10) and many other useful suggestions; Doug Hanahan for advice on trans¬ 
formation (Chapter 8); Bryan Roberts for suggestions on methods of hybrid- 
selection and cDNA cloning, Doug Melton for providing a protocol for injec¬ 
tion of Xenopus oocytes; Ronni Greene for suggesting improvements to many 
protocols; Nina Irwin for providing a critical anthology of methods available 
for expressing eukaryotic proteins in bacteria (Chapter 12), Rich Roberts for 
supplymg the computer analysis of the sequence of pBR322, Barbara Bach- 
mann and Ahmad Bukhari for reviewing and correcting the list of E coli 
strains; and Tom Broker, Louise Chow, Jeff Engler, and Jim Garrels for 
producing the elegant photographs used for the front and back covers 
We also thank all those who participated in the Cold Spring Harbor 
Molecular Cloning courses of 1980 and 1981 They were an excellent group of 
students, who struggled through the first two drafts of the manual and made 
many useful suggestions We also thank Nancy Hopkins, who helped us to 
teach the course the first year and convinced us that producing a manual 
would be a worthwhile task In 1981 Doug Engel helped teach the course and 
suggested many improvements to the manual Contnbuting to the success of 
both courses were the efforts of the teaching assistants, who were Catherine 
0 Connell and Helen Dons Keller in the summer of 1980 and Susan Vande- 
Woude, Paul Bates, and Michael Weiss in 1981. 


We wish to thank Patti Barkley and Manlyn Goodwin for their cheerful¬ 
ness and forbearance during the typing of successive revisions of the manu¬ 
script. Our artists, Fran Cefalu and Mike Odder, worked with great 
dedication and perseverance to produce the drawings for the manual Joan 
Ebert kept track of the many references added to and deleted from the text 
and assemWed the reference list. We are also grateful to Nancy Ford 
Dire^r of Publications, Cold Spnng Harbor Laboratory, for her encourage¬ 
ment and support. Finally, without the patience, skill, and diplomacy of 
Doug Owen, who prep^ed the manuscript for the printer and helped us in 
many other ways, this book would not exist. 
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Since the publication of the first edition of this Laboratory Manual in 1982, 
there has been a vast increase both in the number of people who use 
molecular cloning and in the range and power of the techniques used to 
handle recombinant DNA This remarkable proliferation of cloning methods 
IS reflected m the number of gene sequences in the GrenBank DNA sequence 
data base In 1982 there were fewer than 350 gene sequences on file, but in 
less than four years this number grew to almost 5000 Today over 15,000 
sequences are listed These figures, impressive as they are, do not do justice 
to the increased sophistication with which cloned genes are now analyzed In 
1982, respectable journals would still accept manuscripts contaimng little 
more than the partial sequence of a cDNA clone; today, the publication of a 
complete sequence is taken for granted, and papers describing the initial 
cloning of a cDNA will often also contain elegant accounts of the expression of 
the gene product in prokaryotic or eukaryotic hosts In most cases, this first 
paper is rapidly followed by others that use site-directed mutagenesis to 
explore the relationship between the structure and function of the relevsmt 
protein The cloning and analysis of elements that regulate the expression of 
eukaryotic genes has moved at a similar, exciting pace. 

This increase in the range and speed of molecular cloning is reflected m the 
tripling of size of this manual and its consequent division into three volumes. 
Techniques that were mentioned only in passing in the first edition, such as 
mutagenesis, expression of cloned genes in mammalian cells, and dideoxy- 
mediated sequencing, are now described in depth; new sections have been 
added that deal with recently invented techniques, such as amplification of 
DNA by the polymerase chain reaction; and we have included modem 
variations and embellishments of many of the basic methods that were the 
mainstay of the first edition. We hope that any inconvenience caused by the 
expansion in size of the manual will be compensated by an increase in the 
richness of its content We hope that this second edition will be a resource for 
the experienced doner, a starting point for the student, and a guidebook for 
the next generation of investigators in molecular cloning. 

The burgeoning of moleculeir cloning has also led to its commercialization, 
and we are now able to pruchase a wide variety of high quality and 
reasonably priced reagents and enzymes. Although this is a very positive 
development, it has had a few unfortunate side effects. One is the prolifer¬ 
ation of preassembled kits to carry out particular cloning tasks. .Mthough 
these kits reduce the possibility of trivial errors, they also tend to discourage 
experimenters from thinking about what they are doing. It becomes all too 




easy to follow blindly instructions to add 2 /il of solution A without knowing 
what the particular reagent is, why it is necessary, or why it is added at a 
particular point in the protocol Kits therefore reward the hcientifically 
illiterate and inhibit the development of improvements In an attempt to 
counteract this trend, we have greatly increased the amount of background 
material at the beginning of each chapter of the manual and we have 
provided full references Users of the manual who read this material should 
have no problem understanding either the general design or the specific 
details of the experimental protocols We also strongly recommend reading 
the relevant protocols in their entirety before commencing work This allows 
reagents to be prepared ahead of time and permits the investigator to carry 
out the protocol efficiently. 

Tins manual could not have been produced without the help and encour¬ 
agement of a large number of people We are extremely grateful to colleagues 
from the University of Texas Southwestern Medical Center at Dallas, from 
Genetics Institute, from Harvard University, and from many other institu¬ 
tions who have read individual chapters, have submitted protocols, and have 
made many invaluable suggestions that have immeasurably improved the 
manual. We have listed all these individuals with their affiliations in a 
special section at the end of this preface. 

We owe a special debt of thanks to Rick Myers and Alison Cowie ol’ the 
University of California at San Francisco, who read all of the chapters in 
draft, eliminated many embarrassing errors, and made many valuable sug¬ 
gestions for improvements; to Winship Herr of Cold Spring Harbor Labora¬ 
tory and Mary-Jane Gething of Southwestern Medical Center, who drafted 
the chapters on DNA sequencing and expression of cloned genes m mam¬ 
malian cells, respectively; and to Judy Campbell, who contributed signifi¬ 
cantly to the preparation of the chapter on enz 5 rmes We are also grateful to 
Mike Ockler, who provided all of the conceptual illustrations in this edition, 
and to Carolyn Doyle, who assembled the index 
Nina Irwin has played a special role m the writing of this manual Among 
her many contnbutions are the E coli strain list and the maps of the many 
strains of bacteriophage A, plasmids, cosmids, and bacteriophage M13 used in 
this manual These maps are based on many months of painstaking work to 
reconstruct and verify the genealogy of these host and vector strains In 
addition, Nina also drafted the chapter on expression of cloned genes m 
prokaryotic hosts, read and reviewed all of the chapters in manuscript and 
galleys, and searched the scientific literature with great intelligence and skill 
to validate many of the facts that appear 
We also wish to thank Jim Watson for his continued interest in this 
manual. The support he has provided made this edition possible 
Finally, we would like to express our deep appreciation of the work of our 
editor Nancy Ford For over two years, she has worked untiringly to bring 
order and sense to the entire project and to improve and clarify our writing 
Nancy and her assistant Michele Ferguson have both served as a source of 
encouragement, sympathy, and friendship We are greatly in their debt 

J. Sambrook 
E.F. Fritsch 
T. Maniatis 
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Bacterial plasmids are double-stranded closed circular DNA molecules that 
range in size from 1 kb to more than 200 kb They are found in a variety of 
bacterial species, where they behave as accessory genetic units that replicate 
and are inherited independently of the bacterial chromosome Nevertheless, 
they rely on enzymes and proteins encoded by the host for their replication 
and transcnption. Frequently, plasmids contain genes coding for enzymes 
that under certain circumstances in nature are advantageous to the bacterial 
host Among the phenotypes conferred by plasmids are resistance to an¬ 
tibiotics; production of antibiotics, degradation of complex organic com¬ 
pounds; and production of colicms, enterotoxins, and restriction and modifica¬ 
tion enz 3 maes. 
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The figure shows the direction and 
initiation of replication of plasmids 


approximate size of transcripts involved in the 
carrying pMBl (or ColEl) origins. 
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Replication and Ineownpatihilitp 

Replication of plasmid DNA is carried out by subsets of enzymes used to 
duplicate the bacterial chromosome However, different plasmids use differ¬ 
ent subsets and replicate to different extents in their host?. Some reach copy 
numbers as high as 700 per cell, whereas others are maintained at the 
minimal level of 1 plasmid molecule per host-cell chromosome control of 
plasmid copy number resides in a region of the plasmid DNA xhat includes 
the origin of DNA replication Usually, a plasmid will contain only one qngin 
of replication together with its associated cis-acting control elements (the 
whole genetic unit being defined as a “replicon”). Very rarely, however, 
plasmids that have been generated by fusion will contain more than one 
replicon; in such cases, only one replicon is active 

Most vectors in current use carry a replicon derived from the plasmid 
pMBl, which was originally isolated from a clinical specimen (Hershfield et 
al 1974) Under normal conditions of growth, a minimum of 15-20 copies of 
plasmids carrying this replicon (or its close relative the ColEl replicon) 
(Bolivar et al 1977a,b) (see Table 11) are maintained in each bacterial cell 
(Covarrubias et al 1981) Such mul ticopy p lasmids are said to replicate in a 
“relaxed” fashion The pMBl (or ColEl) replicon does not require plasmid- 
encoded functions for replication (Tomizawa et al 1974); instead, it relies 
entirely on long-lived enzymes supplied by the host (DNA polymerases I and 
III, DNA-dependent RNA polymerase, and the products of the host genes 
dnaB, dnaC, dnaD, and dnaZ) (for review, see Scott 1984) It can therefore 
function in the absence of ongoing protein sjoffhesis (for review, see Stauden- 
bauer 1978) Thus, in the presence of antibiotics such as chloramphenicol or 
spectmomycin, which inhibit protein synthesis and prevent replication of the 1 
bacterial chromosome, plasmids carrying the pMBl (or ColEl) replicon will 
continue to replicate until two or three thousand copies have accumulated in 
the cell (Clewell 1972) 

Replication occurs unidirectionally from a specific origin and is primed by 
an RNA primer whose promoter lies about 550 bases upstream of the origin 
of replication (Figure 1 1) Persistent hybrids formed between the template 
strand of DNA and the nascent RNA serve as substrates for the enzyme 
RNAase H, which cleaves the prepnmer to generate the primer for DNA 
synthesis (known as RNA II) (Itoh and Tomizawa 1980) The maturation of 
RNA II is controlled by another small, untranslated RNA molecule (RNA }), 
which is transcribed from the opposite strand of the same region of DNA that 
codes for RNA II RNA I binds to RNA II and prevents its folding mto a 
cloverleaf structure that is necessary for the formation of stable DNA:RNA 
hybrids between RNA II and the plasmid DNA (see Tomizawa 1984; Dooley 
and Polisky 1987). This binding between RNAs I and II is enhanced by a 
small protein of 63 amino acids (the Rop protein), which is encoded by a gene 
located 400 nucleotides downstream from the ongm of replication (Cesareni 
et al. 1982; Tomizawa and Som 1984). Consequently, the Rop protein 
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reinforces the negative regulation of replication by RNA I (for review, see 
Cesarem and Banner 1985). 

The copy number of plasmids carrying the pMBl (or ColEl) replicon can 
therefore be increased by mutations that weaken the interaction between 
RNAs I and II. These mutations map within the rop gene or within the 
region upstream of the origin that codes for RNAs I and II (for review, see 
Scott 1984). For example, pUC plasmids have a high copy number because 
they carry a mutation (G—»A) one nucleotide upstream of the normal site of 
initiation of RNA I (Minton et al 1988) This results in RNA I tran.scripts 
that are initiated three nucleotides further downstream than usual The 
integrity of the 5' single-stranded domain of RNA I is crucial for the 
interaction of RNA I with RNA II (Dooley and Polisky 1987) It therefore 
seems likely that the increased copy number of pUC plasmids is caused by 
inefficient binding of truncated RNA I to RNA II 
In addition to controlling copy number, the regions of the plasmid encoding 
RNA I, RNA II, and the Rop protein also determine whether two different 
plasmids will coexist in the same bacterial cell (for review, see Davison 1984) 
Plasmids that utilize the sam ^rep lication system cannot coexist stably and 
are said to be incompatible (Datta 1979) When two such plasmids are 
introduced mto the same cell, they compete with one another both during 
replication and during the subsequent step of partition into daughter colls 
Because plasmid molecules are selected at random from the intracellular pool 
for replication, the copy numbers of two different plasmids in an individual 
cell will not always remain equal Small differences, generated originally by 
stochastic processes, lead rapidly to more severe imbalances in the copy 
numbers of the two plasmids In some cells, one plasmid dominates, in 
others, its incompatible partner prospers Over the course of a few genera¬ 
tions of bacterial growth, the minority plasmid is completely eliminated and 
the descendants of the original cell contain one plasmid or the other, but not 
both By testing the ability of different plasmids to coexist in the same cell, it 
is possible to assign them to incompatibility groups Plasmids carrying the 
same replicon belong to the same incompatibility group, plasmids carrying 
rephcons whose components are not interchangeable belong to different 
groups Over 30 such groups have now been recognized (Datta 1979) 

The rephcons carried by plasmid vectors in current use are shown in Table 
11 Plasmids carrying the CplgL^and pMBl rephcons are incompatible with 
one another, but they are fully compatible with those carrying pSClOl and 
pl5A rephcons (Chang and Cohen 1978, Selzer et al 1983) The pSClOl 
replicon, which has not been analyzed in great detail, may resemble the 
replicon of plasmid R6-5, from which it is partially derived (Cohen and Chang 


TABUS 1*1 Beplicowis CnvrieA by CuTTently 
Used Plasmid Vectors 


Plasmid 

Replicon 

Copy number 

p£R322 and its denvatives 

pMBl 

15-20 

pUC vectors 

pMBl 

500-700 

pACYC and its denvatives 

pl5A 

10-12 

pSClOl and its denvatives 

pSClOl 

~5 

ColEl 

ColEl 

15-20 
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1977) The R6-5 replicon differs from the others shown in Table 11m that it 
codes for an essential cis-acting protein (Linder et al 1985; Womble et al 
1985) This firotein acts positively on the origin of replication and regulates 
negatively the transcription of its own gene (the repA gene) Plasmids like 
pSClOl are therefore under stringent replicative control and are present at 
only 5 copies per cell or less Because stringently controlled replication 
requires ongoing expression of a plasmid-encoded protein, the copy number of 
these plasmids cannot be increased by inhibitors of protein synthesis such as 
chloramphenicol Most cloning tasks are therefore carried out in relaxed 
vectors because they give a greater yield of DNA per unit volume of culture 
and, in many cases, an improved yield of protein products synthesized from 
cloned genes However, under some circumstances, the presence of many 
copies of the cloned gene and/or its product may be deleterious The use of 
stringently controlled plasmids may then permit the isolation of functional 
genes that are lethal when expressed in high amounts from a multicopy 
plasmid Examples of such genes include polA (Murray and Kelley 1979), 
dnoA (Hansen and von Meyenburg 1979), ompA (Beck and Bremer 1980), 
and galK (Davison et al 1984) For descriptions of low-copy-number plasmid 
vectors, see Kahn et al (1979) and Stoker et al (1982) 


Mohilisation 

Under natural conditions, many plasmids are transmitted to new hosts by a 
process known as bacterial conjugation (for review, see Willetts and Wilkins 
1984) However, plasmid vectors m common use lack a gene {mob) that is 
required for mobilization and are incapable of directing their own conjugal 
transfer from one bacterium to another Nevertheless, some of the older 
plasmid vectors (e g , pBR322) can be mobilized by a conjugative plasmid if a 
third plasmid (ColK) is present m the cell (Young and Pouhs 1978) ColK is 
thought to code for a mobility protein that nicks pBR322 at a site {me) close 
to the CIS-acting element bom Mobilization of the plasmid then occurs from 
this nicked site (nucleotide 2254 in the pBR322 sequence) Newer plasmid 
vectors (e g , the pUC vectors) lack the nic/bom site and therefore cannot be 
mobilized (Twigg and Sherratt 1980, Covarrubias et al. 1981) 


Selectable Marhers 

' In the laboratory, plasmid DNA can be introduced into bacteria by the 
artificial process of transformation In this process, bacteria are treated with 
mixtures of divalent cations to make them temporarily permeable to small 
DNA molecules Even under the best conditions, plasmids become stably 
established in only a small minority of the bacterial population. To identify 
these transformants, selectable markers encoded by the plasmid are used 
These markers confer a new phenotjqie, which allows bacteria that have been 
successfully transformed to be selected with ease 
The most commonly used selectable markers are genes that confer resis¬ 
tance to antibiotics such as ampicillin, tetracycline, chloramphenicol, and 
kanamycin (neomycin). Each of these antibiotics operates through a different 
mechanism (for review, see Davies and Smith 1978): 
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• Tetracycline binds to a protein of the 308 subunit of the ribosome and 
inhibits ribosomal translocation The constitutively expressed tetracychne 
resistance (.tef) gene carried on plasmid pBR322 encodes a 399-ammo-acid, 
membrane-associated protein (Backman and Boyer 1983) that pi events the 
antibiotic from entering the cell (Franklin 1967) 

• Ampicillin binds to and inhibits a number of enzymes m the bacterial 
membrane that are involved in the synthesis of the cell wall (for review, see 
Waxman and Strominger 1983) The ampicillm resistance lamp' I gene 
earned on the plasmid codes for an enzyme that is secreted into the 
penplasmic space of the bacterium, where it catalyzes hydrolysis of the 
j8-laetam ring, with concomitant detoxification of the drug (Sykes and 
Mathew 1976) 

• Chloramphenicol binds to the ribosomal 508 subunit and inhibits protein 
synthesis The chloramphenicol resistance iCm' oi cat) gene used in 
current plasmid vectors was originally isolated from a transducing PI 
bacteriophage (Kondo and Mitsuhashi 1964) that was latei shown to carry 
the transposon Tn9 The cat gene codes fot a tetrameiic, cytosolic piotein 
(M, of each subunit = 23,000) that, m the presence of acetyl coen/yme A, 
catalyzes the formation of hydroxyl acetoxy deiivatives of chloianiphenicol 
that are unable to bind to ribosomes (Shaw et al 19791 The expression of 
chloramphenicol acetyltransferase is catabolite-sensitive and is increased 
five- to tenfold when bacteria are grown on caibon sources other than 
glucose Binding of DNA-dependent RNA polymerase to the promoter of 
the cat gene in vitro is increased markedly by the presence oi the cAMP/ 
catabolite gene activator protein (Le Grice and Matzuia 1981) 

• Kanamycm and neomycin are deoxystreptamine aminoglycosides that hind 
to ribosomal components and inhibit protein synthesis hot h aid ilnot ics arc 
inactivated by an aminoglycoside phosphotransfeiase (API1|3'|-I1) with a 
molecular weight of 25,000 that appears to be located in the penplasmic 
space Phosphorylation of these antibiotics is believed to interleie with 
their active transport into the cell (for review, see Davies and Smith 1978) 

Virtually all plasmid vectors in common use cairy one oi more of the 
antibiotic resistance genes described above However, other selectable mark¬ 
ers are occasionally used for more specialized purposes Perhaps the most 
elegant of these is supF, the gene that codes for the bacterial suppressor 
tRNA (Seed 1983) This small (203-bp) gene is used in the plasmid ttVX 
(Seed 1983, see Maniatis et al 1982 for map) and its updated version ttANIS 
(Lutz et al 1987) to suppress amber mutations in tet' and amp^ genes earned 
on a second, compatible plasmid. This suppression confers ampicilhn and 
tetracycline resistance upon cells containing both plasmids 
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nEVELOPMElVT OF PLASMID CLOSING VECTORS 

The development of plasmid vectors has proceeded in three phases: 

1 Selectable markers were introduced into plasmids carrying the pMBl (or 
ColEl) rephcon The first plasmids used as cloning vectors—pSClOl 
(Cohen et al 1973), ColEl (Hershfield et al. 1974), and pCRl (Covey et al. 
1976)—were limited in their versatility: Either they replicated poorly or 
they carried unsuitable selectable markers. None of them contained more 
than two restriction sites that could be used for cloning. The first plasmid 
to combine all of the then-available desirable features was pBR313 
(Bolivar et al 1977a,b) It replicated in a relaxed fashion, contained two 
selectable markers (tet'" and amp^), and earned a number of useful 
restriction sites However, pBR313 was unnecessarily large, more than 
half of its DNA was not essential for its role as a vector. The first phase of 
plasmid vector development ended with the construction of pBR322 
(Bolivar et al 1977b), a plasmid of 4 36 kb from which most of these 
unnecessary sequences had been eliminated pBR322 rapidly became the 
most widely used cloning vehicle, and many of the plasmid vectors in use 
today are its direct descendants (for review, see Baibas et al 1986) 

2. The trend for the next few years was to streamline vectors to reduce their 
size to the minimum while expanding their capacity to accept fragments of 
foreign DNA generated by cleavage with a wide range of restriction 
enzymes Smaller plasmid vectors are preferred for many reasons. First, 
the efficiency of transformation is inversely related to the size of the 
plasmid This becomes a limiting factor when the plasmid exceeds 15 kb 
in size Smaller plasmids can therefore accommodate larger segments of 
foreign DNA before the efficiency of transformation begins to deteriorate. 
Second, larger plasmids are more difficult to characterize by restriction 
mapping Third, because larger plasmids replicate to lower copy numbers, 
the yield of foreign DNA is reduced and the strength of signals obtained 
when colonies are screened by hybridization is reduced Thus, in the late 
1970s and early 1980s, a number of derivatives of pBR322 were con¬ 
structed that lacked ancillary sequences involved m the control of copy 
number and mobilization. The best known of these are pAT153 (Twigg 
and Sherratt 1980), pXf3 (Hanahan 1983), and pBR327 (Soberon et al. 
1980), all of which remain in common use (See Maniatis et al [1982] for 
maps of pATl53 and pXf3 ) 

At the same time, the number of useful restriction enzyme cleavage 
sites within plasmid vectors was expanded and their distribution was 
rationalized. Almost all vectors now contain ^ closely arranged series of 
synthetic cloning sites, termed “polylinkers,” “restriction site banks,” or 
“polyclomng sites,” that consist of sequences recognized by restriction 
enzymes commonly used in cloning experiments. In most cases, these 
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restriction sites are unique—i.e., they are not found elsewhere in the 
plasmid vector. For example, the polycloning site from the vector pUCl9 
consists of a tandem array of cleavage sites for 13 restriction enzymes 
HmdIII, Sphl, Pstl, Sail, Accl, Hindi, Xbal, BamHl, Smal, Xmal, Kpnl, 
Sad, and EcoRI (see page 113). 

Such an array of recognition sequences provides a vast variety of targets 
that can be used singly or in combination to clone DNA fragments 
generated by cleavage with any of a very large number of restriction 
enzymes. Furthermore, fragments inserted at one restriction site can 
often be excised by cleavage of the recombinant plasmid with restriction 
enzymes that cleave at flanking sites Insertion of a segment of DNA into 
a polycloning site is therefore equivalent to adding synthetic linkers to its 
termini The availability of these flanking sites simplifies the task of 
mapping the segment of foreign DNA. 

A disadvantage of drawing together all potential cloning sites into one 
location in a plasmid is the inability to use inactivation of a selectable 
marker to screen for recombinants In this method, which can be used 
with plasmids that carry two or more different selectable market .s, a 
restriction site located within one of the markers is used to clone a 
segment of foreign DNA In most caSesT^sertion of the foreign sequences 
inactivates the marker Transformants containing recombinant plasmids 
can therefore be distinguished from those carrying the parental vector by 
virtue of their inability to grow under one of the two sets of selective 
conditions (see Figure 1 12, page 1 88) The inability to use insertional 
inactivation of antibiotic resistance markers with modern vectors has been 
largely overcome by incorporating a cluster of cloning sites into a gene 
that codes for a biologically active fragment of an enzyme such as 
/3-galactosidase. Insertion of a segment of foreign DNA almost always 
leads to the production of an inactive fragment Because recombinant 
clones lose their ability to hydrolyze a chromogenic substrate, they can 
therefore be distinguished from parental clones by a simple, nondesti ac¬ 
tive histochemical test (see below). 

3 The latest phase of construction of plasmid vectors has involved the 
incorporation of ancillary sequences that are used for a variety of pur¬ 
poses, including visual identification of recombinant clones by histochemi¬ 
cal tests, generation of smgle-stranded DNA templates for DNA sequenc¬ 
ing, transcription of foreign DNA sequences in vitro, direct selection of 
recombinant clones, and expression of large amounts of foreign proteins 
These specialized functions are discussed only briefly here, but many of 
them are described in detail in later chapters 


Plasmid Vectors That Permit Histochemical IdentiticaUon 
of Hepombiwtant Clones 

The best-known vectors of this class are the pUC plasmids developed by 
Messing and his colleagues (Vieira and Messing 1982, Norrander et al. 1983; 
Yamsch-Perron et al. 1985). These vectors carry a segment of DNA derived 
from the lac operon of Escherichia coli that codes for-^e~.ainino-terminal 
fragment of ^-galactosidase. This fragment, whose synthesis can be induced 
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by isopropylthio-)8-D-galactoside (IPTG), is capable of intra-allelic (a) com¬ 
plementation with a defective form of jS-galactosidase encoded by the host 
Bacteria exposed to the gratuitous inducer IPTG synthesize both fragments 
of the enz 3 mie and form blue colomes when plated on media contaming the 
chromogenic substrate 5-bromo-4-chloro-3-mdolyl-j8 -D-galactoside (X-gal) (Hor- 
witz et al. 1964) Insertion of foreign DNA into the polyclonmg site of the 
plasmid inactivates the amino-terminal fragment of jS-galactosidase and abol¬ 
ishes a-complementation. Bacteria carrying recombinant plasmids therefore 
give rise to white colonies (See page 1 85 for a discussion of screening by 
a-complementation) 


Plasmid Vectors Carrying Origins of B^plieaHon Derived 
from Single-stranded Bacteriophages 

Several plasmid vectors have been constructed that carry the origin of 
replication from the genome of a single-stranded filamentous bactenophage 
such as M13 (see Chapter 4) This allows copies of one of the two strands of 
the plasmid DNA to be produced in quantities sufficient for sequencing (see 
Chapter 13) or for preparation of radiolabeled single-stranded probes (see 
Chapter 10) 


Plasmid Vectors Carrying Bacteriophage Promoters 

Many plasmid vectors carry promoters derived from bacteriophages T3, T7, 
and/or SP6 adjacent to the polyclonmg site Foreign DNAs inserted at 
restriction sites can therefore be transcribed in vitro when the linearized 
recombinant plasmid DNA is incubated with the appropriate DNA-dependent 
RNA polymerase and ribonucleotide precursors (see Chapter 10) In some 
cases, a different promoter is present at each end of the polyclonmg site, 
which allows RNA to be transcribed from either end and either strand of the 
foreign DNA, depending on the type of RNA polymerase used m the tran¬ 
scription reaction The RNAs generated m this way can be used as hybridiza¬ 
tion probes or can be translated in cell-free protein-synthesizing systems 


Plasmid Vectors That Allovc Direct Selection of Kecomhinant Clones 

A number of selective systems have been designed to suppress the growth of 
bacteria carrying nonrecombinant plasmids Typically, the plasmids used in 
these systems express a gene product that is lethal for certain bacterial hosts; 
insertion of a segment of foreign DNA inactivates the gene For example, 
Maloy and Nunn (1981) and Craine (1982) have described conditions under 
which transformed bacteria carrying plasmid vectors coding for tet’’ will die, 
whereas recombinant plasmids carrying a segment of foreign DNA within the 
tet’^ gene will grow. Other selective systems depend on msertional inactiva¬ 
tion of genes such as those encoding bacteriophage A repressor (Roberts et al. 
1980), EcoRl methylase (Cheng and Modrich 1983), galactokinase (Ahmed 
1984), and colicin E3 (Vemet et al. 1985). In our experience, the dis¬ 
advantages of these systems generally outweigh the advantages. The num- 
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ber of potential cloning sites is usually limited, the efficiency of the selection 
is variable, special host cells are often required, and the plasmids are 
frequently devoid of desirable features (bacteriophage promoters, bac¬ 
teriophage M13 origin of DNA replication, etc.) For lists of the available 
selective systems and brief descriptions of their properties, see Burns and 
Beacham (1984) and Baibas et al (1986). 


*lusidUA ExpressUm Vectors 

A large number of plasmid vectors have been constructed that contain 


powerful prompters that generate large amounts of mRNA complementary to 
cloned setfuences of foreign DNA In some cases, these vectors are designed 


to express foreign proteins that are not linked to any prokaryotic sequences, 
in others, they generate fusion proteins encoded partly by the vector and 


partly by an open reading frame in the cloned segment of foreign DNA 
These vectors and their uses are described in detail m Chapter 17 
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COMMONLY VSEM PLASMID VECTORS 

Maps of widely used plasmid vectors that contain many of the useful features 
described earlier in this chapter are presented on the following pages. Each 
of these vectors has been completely sequenced. The maps have been 
prepared based on the information contained in the references given at the 
end of the description of each vector Plasmid vectors used for expression of 
foreign proteins in E coll are discussed in Chapter 17. Vectors used to 
generate single-stranded DNA for sequencing are described in detail in 
Chapter 4 
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pBR322 


pBR322 IS presented because it served for many years as the workhorse 
plasmid vector It has, however, been largely superseded by improved, more 
efficient vectors 

Note pBR322 and some of its derivatives form multimers in recA ’ hosts (Bedbiook et al 
1979) and are readily lost from cells during sustained growth in minimal media (Jnnes et 
al 1980, Noack et al 1981, Skogman et al 1983) This occurs because pBR322 does not 
carry a locus (cer) that ensures equal partitioning of the plasmid into daughter cells 
(Summers and Sherratt 1984) Whenever possible, bacteria containing pBR322-based 
vectors or recombinants should therefore be grown m selective conditions Derivatives of 
pBR322 containing the par region of pSClOl are, however, available (Zurita et al 1984) 
par, like cer, confers a stable pattern of plasmid inheritance (Skogman et al 1983) 

References Bolivar et al (1977b) and Sutcliffe (1979) 

EcoH\ 4362/0 



1«12 Plasmid Vectors 



pUC18, pUC19 

These vectors are identical except that they contain polycloning sites ar¬ 
ranged in opposite orientations pUC plasmids lack the rop gene (see page 
13), which normally is located close to the origin of DNA replication and is 
involved in the control of copy number As a result, these plasmids replicate 
to a much higher copy number than do other plasmids that carry a pMBl (or 
ColEl) origin. pUC vectors express the ammo-terminal fragment of the lax:Z 
gene product (j8-galactosidase) and display a-complementation in appropriate 
hosts (see pages 1 8-1.9) Recombinants can therefore be identified by 
histochemical screening 

References Messing (1983), Norrander et al (1983), and Yanisch-Perron et al (1985) 


Ndel, HgiB\ 185 



pUC18 

1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 7 8 

Thr Met lie Thr Asn Ser Ser Ser Val Pro Gly Asp Pro Leu Glu Ser Thr Cys Arg His Ala Ser Leu Ala Leu Ala 

ATG ACC ATG ATT ACG AAT TCG AGC TCG GTA CCC GGG GAT CCT CTA GAG TCG ACC TGC AGG CAT GCA AGC TTG GCA CTG GCC 

I_I I_I I_I I_I I_ I 

I_I I_I I_ I I_I I_I 

EcoB\ Sac\ Kpn\ Sma\ BamH\ Xba\ Sail Pstl Sphl HmdWl 

Xmal Accl 

HmcW 

pUC19 

1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 5 6 7 8 

Thr Met lie Thr Pro Ser Leu His Ala Cys Arg Ser Thr Leu Glu Asp Pro Arg Val Pro Ser Ser Asn Ser Leu Ala 

ATG ACC ATG ATT ACG CCA AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA CTG GCC 

I_I 1_I I_I I_I I_I 

I_I I_ I I_I I_I I_I 

HmdlW Sphl Pstl Sail Xbal BamHl Smal Kpnl Sad EcoRl 

Accl Xmal 

Hindi 

In pUCl8, the CcoRI site lies Immediately downstream from P/ac 
In pLICl9, the HindlW site lies immediately downstream from P/ac 
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pUCllS, pUC119 


Denved from pUClS and pUC19, pUCllS and pUC119 carry the sequences 
required in cis for initiation and termination of bacteriophage M13 DNA 
synthesis and for packaging of DNA into bacteriophage particles These 
vectors can accept segments of foreign DNA and can be propagated as 
plasmids in the conventional way When cells harboring these plasmids are 
infected with a suitable filamentous bacteriophage, copies of one strand of the 
plasmid DNA are synthesized and packaged into progeny bacteriophage 
particles (see Chapter 4) Single-stranded DNA can be isolated from the 
bacteriophage particles and used as a template to determine the nucleotide 
sequence of the foreign DNA, for ohgonucleotide-directed mutagenesis, and 
for synthesis of strand-specific probes 

References Messing (1983), Norrander et al (1983), Yamsch-Perron et al (19851, and 
Vieira and Messing (1987) 


Polycloning Sites 
pUC118 


259 Msn 



AvaW 1838 


ATo z z z z cZ z z z z rt z £ i £ 


Kpnl Smal BamHI Xbal 
Xmal 


Sp/il Hmdill 


18 7 8 

Ala Leu Ala 
GCA CTG GCC 


Thr Mel lie Thr Pro Ser Leu His Ala Cys Arc Ser Th, . 5 6 7 8 

ATG ACC ATG ATT ACG CCA AGC TTG CAT GCC TGC AGG TCG ACT CTA ran Zr Ser Leu Ala 

I-1 I I “ *CT^^G gat CCC CGG GTA CCG AGC TCG AAT TCA CTG GCC 


H«dlll Sph\ Pen a;i Xbal BaniHI Smai*" Kpm Sael 
HincW 

la pucim, .he Eccm sue lies i.mediale^ downslrearp .ron, P,se In pudm the HmdIII slle lies Immediately downsiream (rom 




pSP64, pSP65, pGEM-3, pGEM-3Z, pGEM-3Zf(-), pGEM-4, pGEM-4Z 

These vectors are derivatives of pUC plasmids that carry promoters for 
bacteriophage-encoded DNA-dependent RNA polymerase transcription units 
Denvatives of pSP64 and pSP65 are available (pSP64CS and pSP65CS; 
Eckert 1987) that have been designed to facilitate sequencing of DNA by the 
Maxam-Gilbert method (see Chapter 13) 

References pSP64 and pSP65 Melton et al (1984), pGEM senes- Promega Catalogue 
and Reference Guide—Biological Research Products (1987/1988) 



Thr Met lie Fhr Asn Ser Ser Ser Pro Gly Asp Pro Leu Glu Ser Thr Cys Ser Pro Ser Leu Ala Leu Ala 

ACC ATG ATT ACG AAT TCG AGC TCG CCC GGG GAT CCT CTA GAG TCG ACC TGC AGC CCA AGC TTG GCA CTG GCC 

t I I J L_ J I _I I_-_I 

L J I_I !_I 

EcoRt Sad Sma\ BamHI Xba\ Sail Pst\ HinbWi 

Xma\ Acc\ 

HincW 

In pSP65 the EcoRI site lies immediately downstream from the SP6 promoter 

In pSP64 the polycloning site is in the opposite orientation and the W/ndlll site lies immediately downstream from the SP6 promoter 
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1772 Xmnl 



Polycloning Site 
pGEM-3 

X . *1 - T7 transcription start 

SP6 transcription start 


GAATACAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCCiAATICCGGlLTCCC 

I_I I_ I L _J L II I 

I_1 I_J I_J I I I 1 

H/fJdlll SpM PstI Sail Xbal BamHI Smal Kpnl Sad fcoRI 
AccI Aval 

Hindi 


In pGEM 4 the polycloning site is in the opposite orientation 
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PGEM-3Z 


T7 transcription start 


SP6 transcription start 


GGGCGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGACBrrATTC 

I_I I_I I_I I_I I_1 

1_1 I_1 I_I !_1 1_I 


EcoRl Sad Kpn\ 


Aval BamHl Xbal 

Xmal 

Smal 


Sail 

Acci 

HmcW 


Pstl Sphl HintiWl 


PGEM-4Z 


SP6 transcription start 


T7 transcription start 


GAATACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGTCTCCC 

I_I I_I L__I I_I I_I 

[_I I_I I_I I_I I_I 


EcoRI Sad Kpnl Aval BamHl Xbal 

Sail Pstl 

Sphl Hinm 

Xmal 

Accl 


Smal 

Hindi 
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2260 AatW 



Polycloning Site 


T7 transcription start 


SP6 transcription start 


GGGCGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGf T TC.Af.TAT U 

I_I I_1 I_t I_I 1 1 

i_I I_I I_J L . j I J 

£coRI Sad Kpn\ Aval BamHl Xbal Sail PsM Sphi Hi/idin 
Xmal Actl 

Smal H/ncIl 
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77AN13 


ttANIS is a small plasmid vector derived from ttAN? (Lutz et al 1987) that is 
used for recombination screening (Seed 1983) “Probe” sequences are cloned 
into 7rAN13 and the recombinant plasmid is introduced into E coli Libraries 
constructed in bacteriophage A vectors that carry several amber mutations in 
essential genes (e g, S3n”mx 2A) are grown in bacteria containing the recom¬ 
binant plasmid If the DNA sequence in the infecting bacteriophage is 
homologous to the probe sequence in 7rAN13, the plasmid can be inserted into 
the bacteriophage by in vivo homologous recombination In the resulting 
cointegrants, the supF in the 7rAN13 suppresses the amber mutations in the 
bacteriophage and thus allows plaque formation in nonsuppressing hosts. 
Members of multigene families, genes that encode cDNA, and loci from 
multiple genomic DNA libraries can be selected The original “recombination 
probe” plasmid ttVX has a low copy number (see Maniatis et al 1982 for map 
of ttVX) 7rAN13 was designed to increase copy number and thus increase 
recombination frequency 77AN13 contains a pBR322 origin of replication, the 
pUC13 polycloning site, and a supF tRNA gene (Lutz et al 1987). 


Reference Lutz et al (1987) 



{supF) 


ATGACCATGATTACGCCAAGCTTGGGCTQCAGGTCGACTCTAGAGGATCCCCGGGCGAGCTCGAATTCACTGGCC {or?) 

I_I I _I I_I I-1 I-1 


H/ndlll Pst\ Sal\ Xba\ BamH\ Sma\ Sac\ EcoR\ 

Acc\ Xma\ 

HmeW 
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BLUESCRIPT M13 +, M13 - 

Bluescnpt M13 + and M13 - are vectors that contain the bacteriophage M13 
origin of DNA replication inserted m opposite orientations into a vector 
derived from a pUC plasmid that contains bacteriophage T3 and T7 promot¬ 
ers. These vectors can thus be used to generate single-stranded DNA m vivo, 
or RNA in vitro, that is complementary to either of the two strands of foreign 
DNA inserted into the polycloning site 

References Bluescnpt M13- Short et al (1988) and the product literature from 
Stratagene Cloning Systems 



/Cpnl Xhol C/al fcoRV PsM SaniHI 



Apal Sail H/ndlll EcoRI Sma\ Spel 

Draw Acc\ 


HmcH 


Xba\ 


r 

WOfI 


FdgI II 

' I ' 
asfxi 


) 

SfitI 


In Bluescnpt SK (M13-), the Sad site lies immediately downstream from the bacteriophage T3 promoter 
and the Kpnl site lies immediately downstream from the bacteriophage T7 promoter In Bluescnpt KS (M13 ) 
the polyctoning site is in the opposite orientation 




Extraction aw^A Rurttication of Ptusmtd UNJl 


Many methods have been developed to purity plasmid DNA from bacteria. 
These methods invariably involve three steps. 

• Growth of the bacterial culture 

• Harvesting and lysis of the bacteria 

• Purification of plasmid DNA 

GrovDth nt the Baetertal €!wMture 

Plasmids are almost always purified from cultures (grown in liquid medium 
containing the appropriate antibiotic) that have been inoculated with a single 
bacterial colony picked from an agar plate Many of the currently used 
plasmid vectors (e g, the pUC senes) replicate to such a high copy number 
that they can be purified in large 3 deld from cultures that have simply been 
grown to late log phase in standard LB medium. In these cases, it is not 
necessary to amplify the plasmid DNA selectively However, vectors of an 
earlier generation (e g , pBR322), which do not replicate so freely, need to be 
selectively amplified by incubating the partially grown bacterial culture m 
chloramphenicol for several hours. As discussed on page 1.3, chloram¬ 
phenicol inhibits host protein synthesis and, as a result, prevents replication 
of the bacterial chromosome. However, replication of relaxed plasmids 
continues, and their copy number increases progressively for several hours 
The yield of plasmids such as pBR322 is thus considerably higher from 
chloramphenicol-treated cultures than from untreated cultures 
For many years, it has been standard practice to add chloramphenicol in 
concentrations sufficient to achieve complete inhibition of protein synthesis 
(170 /jLg/ml) The yield of most plasmids isolated from cultures treated in 
this fashion is more than sufficient for almost any conceivable task in 
molecular clonmg. However, in those cases where plasmids (or more com¬ 
monly, cosmids) grow poorly because of their largd* size or because of the 
foreign sequences they carry, it may be worthwhile to explore alternative 
ways to grow and treat the bacterial culture For example, it has been 
reported (Tartof and Hobbs 1987) that the use of a rich medium (Terrific 
Broth; see Appendix A) results in a four- to sixfold increase in the yield of 
“difficult” plasmids. In addition, the concentration of chloramphenicol can 
affect the degree of amplification of plasmid DNAs. Improved yields of 
pBR322 and pBR327 have been obtained from bacterial cultures treated with 
concentrations of chloramphenicol (10-20 p-g/ml) that do not completely 
suppress host protein S 3 mthesis (Frenkel and Bremer 1986). The reason for 
this result is not understood, but it could be explained if the replication of 
plasmids carrying the ColEl origin required an unstable host factor that 
continues to be synthesized during partial inhibition of protein synthesis. 
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Harvesting and Lysis of the Bacteria 

Bacteria are recovered by centnfugation and lysed by anv one of a large 
number of methods, including treatment with nonionic or ionic detergents, 
organic solvents, alkaU, or heat The choice among these methods is dictated 
by three factors, the size of the plasmid, the strain of E coh. and the 
technique that is to be used subsequently to purify the plasmid DNA 
Although it IS impractical to give precise conditions for each combination of 
plasmid and host, the following general guidelines can be u.sed to select a 
method that will give satisfactory results 


1 Large plasmids (> 15 kb in size), which are susceptible to damage, should 
be released from cells by gentle lysis (see page 1 36) Bacteria are 
suspended in an isosmotic solution of sucrose and then treated with 
lysozyme and EDTA to break down the cell wall and outer numibrane 
The resulting spheroplasts are lysed by adding a detergent such as SDS 
This method minimizes the physical forces that are reiimred to liberate 
the plasmid from the pressurized interior of the bacterium 

2. More severe methods can be used to isolate smaller plasmids After 
addition of EDTA and, in some cases, lysozyme, the cells an* e\po,sed to 
detergent and lysed by boiling or treatment with alkali Thesi- treat 
ments, which disrupt base pairing, cause the linear chromosomal DNAof 
the host to denature However, the strands of closed circulai plasmid 
DNA are unable to separate from one another becau.se they are topologi 
cally intertwined When conditions are returned to normal, the strands of 
the plasmid DNA rapidly fall into perfect register, and completely native 
superhelical molecules are re-formed 

Note Prolonged exposure of superhelical DNA to heat oi alkali tesuHs m iitevcrsible 
denaturation (Vmograd and LebowiU The lesulting tvdu luiled DNA cannot 

be cleaved with restriction enzymes, migiates thiough agaiuse gels .u .diuiK twice tlw 
rate of superhelical DNA, and stains pooily with (‘thulium hummir Ti.ufs of this 
barters ^ plasmids piepaied liv .ilk.ilme m theiinal lysis of 


3 Some strains of E coh (eg, some variants and denvatives of HBlOl) 
release relatively large amounts of carbohydrate when they are lysed by 
detergent and heat This can be a nuisance when the plasmid DNA is 
subsequently punfied by equilibrium centnfugation in CsCl-ethidmm 
bromide gradients. The carbohydrate forms a dense, fuzzy band close to 
the ptece m the gradient occupied by the supercoiled plasmid DNA It is 
therefore difficult to avoid contaminating the plasmid DNA with carbohy- 

activity of many restriction enzymes Boilin? 

large-scale preparations of 

plasmids from strains of E. coh such as HBlOl and TGI 


. e boilmg method IS not recommended when making small-scale prepa- 
rahona of plasmid DNAfrom strains of £ coh that express endonucleasel 
inrf fni'Tif'®!,’ Because endonudease A is not completelj 

mhtif 1 f'*’ f oMdute, the plasmid DNA is degraded durim 

during digestion 

yni ). This problem can be avoided by including an ejctw 
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step—extraction with phenol.chloroform—m the protocol given on page 
1 29 


5. Virtually all of the procedures given in this section can be easily adapted 
to accommodate bacterial cultures that range in size from 1 ml to 1 liter. 
All of them have been used successfully to isolate plasmid DNA simulta¬ 
neously from many small cultures (“minipreps”), as well as from large- 
scale cultures (“maxipreps”) and cultures of intermediate size 
(“midipreps”). With the one exception referred to in number 3 above, any 
method can therefore be used with any strain of E. coli grown in cultures 
of any size. It is curious, however, that many laboratories use one method 
to process minipreps and another method to isolate plasmid DNA from 
large-scale cultures. In some laboratories, the alkali method is used for 
minipreps and boiling is used for maxipreps, whereas in others, the 
situation is reversed 

6 As discussed on pages 1 3—1 4, the copy numbers of the current generation 
of plasmids are now so high that selective amplification in the presence of 
chloramphenicol is unnecessary to achieve high yields. However, some 
workers continue to use chloramphenicol, not to increase the yield of 
plasmid DNA but to reduce the bulk of bacterial cells in maxipreps. 
Handling large quantities of highly viscous lysates of concentrated suspen¬ 
sions of bacteria is a frustrating and messy business that can be avoided if 
chloramphenicol is added to the culture at mid-log phase. Approximately 
equivalent yields of plasmid DNA are obtained from smaller numbers of 
cells that have been exposed to chloramphenicol and from larger numbers 
of cells that have not. 


PnrUtcation of Plasmid MINA 

All of the methods in common use exploit the relatively small size and 
covalently closed circular nature of plasmid DNAs For example, separation 
of plasmid and chromosomal DNAs by equilibrium centrifugation in CsCl— 
ethidium bromide gradients depends on differences between the amounts of 
ethidium bromide that can be bound to linear and closed circular DNA 
molecules. Ethidium bromide binds to DNA by intercalating between the 
bases, causing the double helix to unwind This leads to an increase in the 
length of linear DNA molecules and to the introduction of compensatory 
superhelical turns in closed circular plasmid DNAs Eventually, the density 
of these superhelical turns becomes so great that the intercalation of addi¬ 
tional molecules of ethidium bromide is prevented Linear molecules, which 
are not constrained in this way, continue to bind more dye until saturation is 
reached (~ 1 ethidium bromide molecule for every 2 base pairs) (Cantor and 
Schimmel 1980) Because of this differential binding of dye, the buoyant 
densities of the linear and closed circular DNA molecules are different in 
CsCl gradients containing saturating amounts of ethidium bromide 
For many years, equilibrium centrifugation in CsCl-ethidium bromide 
gradients has been the method of choice to prepare large amounts of plasmid 
DNA. However, this process is expensive and time-consuming, and many 
alternative methods have been developed, the majority of which involve the 
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use of ion-exchange or gel-filtration chromatography or differential precipi¬ 
tation to separate plasmid and host DNAs. Although most of these methods 
have fallen by the wayside, the best of them—differential precipitation with 
polyethylene glycol—has recently been improved (R Treisman, pers comm) 
to the point where it yields plasmid DNA of extremely high purity Differen¬ 
tial precipitation with polyethylene glycol differs from equilibrium centrifuga¬ 
tion in CsCl-ethidium bromide gradients in one respect It does not efficient¬ 
ly separate mcked circular molecules from the closed circular form of plasmid 
DNA Equilibnum centnfugation is therefore the method of choice for the 
purification of very large plasmids ( > 15 kb), which are vulnerable to nicking, 
and closed circular plasmids that are to be used for biophysical mea¬ 
surements. However, both methods of purification yield plasmid DNAs that 
can be used for a variety of sophisticated tasks in molecular cloning, includ¬ 
ing transfection of mammalian cells and the generation of sets of deletion 
mutants with exonucleases For more routine procedures, the problem of 
extensive purification can fortunately be avoided altogether Most of the 
plasmids in common use replicate so profusely that sufficient DNA can be 
obtained from mmipreps to accomplish such tasks as the construction of 
restriction maps, transformation of bacteria, isolation of specific DNA frag¬ 
ments, routine subcloning, and generation of radiolabeled probe.s 
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SMALL-SCALE PBEPARATIOBiS OP PLASMLD BNA 

Minipreparations of plasmid DNA can be obtained either by the alkaline lysis 

method presented below or by the boiling method (see page 1 29). 

Harvesting and Lysis of Bacteria 

HARVESTING 

1. Transfer a single bacterial colony into 2 ml of LB medium containing the 
appropriate antibiotic in a loosely capped 15-ml tube. Incubate the culture 
overnight at 37°C with vigorous shaking 

2. Pour 1 5 ml of the culture into a microfuge tube Centrifuge at 12,000g^ for 
30 seconds at 4°C in a microfuge Store the remainder of the culture at 
4"C 

3. Remove the medium by aspiration, leaving the bacterial pellet as dry as 
possible 

The supei natant can be conveniently removed with a disposable pipette tip attached 
to a vacuum line (see Figure 1 3) Use a gentle vacuum and touch the tip to the 
surface of the liquid Keep the tip as far away from the bacterial pellet as possible as 
the fluid IS withdrawn from the tube The pipette tip can then be used to vacuum the 
walls of the tube to remove any adherent droplets of fluid 

LYSIS BY ALKALI 

This protocol is a modification of the methods of Birnboim and Doly (1979) 

and Ish-Horowicz and Burke (1981). 

1. Resuspend the bacterial pellet (obtained in step 3 above) in 100 /xl of 
ice-cold Solution I by vigorous vortexmg 


Solution I 

50 mM glucose 

25 mM Tris • Cl (pH 8.0) 

10 mM EDTA (pH 8 0) 

Solution I can be prepared in batches of approximately 100 ml, 
autoclaved for 15 minutes at 10 Ib/sq. in. on liquid cycle, and 
stored at 4°C. 


It IS essential to ensure that the bacterial pellet is completely dispersed m Solution I 
This can be achieved rapidly by vortexmg two microfuge tubes simultaneously with 
their bases touching as shown in Figure 1 2. 

The original protocol called for the use of lysozyme at this point to digest the 
bacterial cells. This step is unnecessary 

Some strains of bacteria shed into the medium cell-wall components that can inhibit 
the action of restriction enzymes. This problem can be avoided by resuspending the 
bacterial cell pellet in 0 5 ml of STE (0 1 M NaCl, 10 mM Tns Cl [pH 8 0], 1 mM 
EDTA [pH 8 0]) and recentnfuging After removal of the STE, resuspend the pellet 
in Solution I as descnbed above 
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riGVBE IJS 

Vortexing to disperse bacterial pellet 


2. Add 200 lA of freshly prepared Solution II 
Solution U 

0.2 N NaOH (freshly diluted from a 10 n stock) 
1% SDS 


Close the tube tightly, and mix the contents by inverting the tube 
rapidly five times Make sure that the entire surface of the tube comes in 
contact with Solution II Do not vortex Store the tube on ice 

3. Add 150 /Lil of ice-cold Solution III 


Solution III 


5 M potassium acetate 60 ml 

glacial acetic acid 11.5 ml 

H 2 O 28.5 ml 


The resulting solution is 3 m with respect to potassium and 5 m 
with respect to acetate. 


Close the tube and vortex it gently in an inverted position for 10 
seconds to disperse Solution III through the viscous bacterial lysate 
Store the tube on ice for 3-5 minutes. 

4. Centrifuge at 12,000g for 5 minutes at 4°C in a microfuge Transfer the 
supernatant to a fresh tube. 

5. Optional. Add an equal volume of phenohchloroform Mix by vortexing. 
After centrifuging at 12,000g for 2 minutes at 4°C in a microfuge, 
transfer the supernatant to a fresh tube. 

Some workers find the extraction with phenol chloroform to be unnecessary How- 


1*26 Plasmid Vectors 


ever, for reasons that are unknown, the elimination of this step often results in DNA 
that IS resistant to cleavage by restnction enzymes 

6. Precipitate the double-stranded DNA with 2 volumes of ethanol at room 
temperature Mix by vortexing. Allow the mixture to stand for 2 min¬ 
utes at room temperature. 

7. Centrifuge at 12,000g’ for 5 minutes at 4°C in a microfuge. 

8. Remove the supernatant by gentle aspiration. Stand the tube in an 
inverted position on a paper towel to allow all of the fluid to drain away 
Remove any drops of fluid adhering to the walls of the tube. 

The supernatant can be conveniently removed with a disposable pipette tip attached 
to a vacuum line (Figure 1 3) Use a gentle vacuum and touch the tip to the surface 


gentle suction 





UGVXE 1.3 

Aspiration of supernatants Hold the open microfuge tube at an angle, with the 
pellet on the upper side Use a disposable pipette tip attached to a vacuum line to 
withdraw fluid from the tube Insert the tip just beneath the meniscus on the lower 
side of the tube Move the tip towards the base of the tube as the fluid is withdrawn. 
Use gentle suction to avoid drawing the pellet into the pipette tip. Keep the end of 
the tip away from the pellet Fmally, vacuum the walls of the tube to remove emy 
adherent drops of fluid 
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of the liquid Keep the tip as far away from the pellet of nucleic acid as possible as 
the fluid IS withdrawn from the tube The pipette tip can then be used to vacuum 
the walls of the tube to remove any adherent droplets of fluid 


9. Rinse the pellet of double-stranded DNA with 1 ml of 70^,^ ethanol at 4"C 
Remove the supernatant as described in step 8, and allow the pellet of 
nucleic acid to dry in the air for 10 minutes 

10 . Redissolve the nucleic acids in 50 /a 1 of TE (pH 8 0) containing DNAase- 
free pancreatic RNAase (20 ju,g/ml) (see Appendix B) Vortex briefly 
Store the DNA at -20°C 

Notes 

I The typical yield of high-copy-number plasmids, such as Xf3 or pUC, 
prepared by this method is about 3-5 jug of DNA per milliliter of original 
bacterial culture 

II To analyze the DNA by cleavage with restriction enzynie(.s), remove 1 fi.\ 
of the DNA solution and add it to a fresh microfuge tube that contains 8 
/il of water Add 1 /xl of the appropriate 10 x restiiction enzyme liuffer 
and 1 unit of the desired restriction enzyme Incubate the reaction for 
1—2 hours at the appropriate temperature Store the remainder of the 
DNA preparation at -20°C Analyze the DNA fragments in the restric¬ 
tion digest by gel electrophoresis 

If the mmiprep DNA is resistant to cleavage with the restriction 
enzyme, it is likely that insufficient care was taken to remove all of the 
fluid at step 3, page 1 25, or step 8 above In this case, exti act the final 
DNA preparation with phenol chloroform and repiecipitate the DNA with 
ethanol 

Frequently, difficulties in cleavage with restiiction enzymes can be 
overcome by digesting in a volume o( 100-200 /xl and using five- to 
tenfold more enzyme (especially lor inexpensive enzymes) After diges¬ 
tion, add 0 1 volume of 3 m sodium acetate (pll 5 2) <iik 1 piecipitato the 
DNA with 2 volumes of ethanol 

iii The protocol can be modified to accommodate up to 10 ml of bacterial 
culture as follows 

a Centrifuge 10 ml of bacterial culture at 4000 rpm for 10 minutes at 
4 C m a Sorvall SS34 rotor (or its equivalent) 

b At step 1, resuspend the bacterial pellet in 200 /xl of Solution I and 
transfer the suspension to a microfuge tube 

c At step 2, add 400 lA of Solution II 

d At step 3, add 300 /xl of ice-cold Solution III 

e At step 5, transfer 600 ^1 of the supernatant to a fresh tube. 

f At step 6, precipitate the DNA with 600 fi\ of isopropanol. 

The yield of DNA is often sufficient to carry out the next step m a 
cloning protocol without going to the trouble or expense of a large-scale 
plasmid preparation b ° 
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LYSIS BY BOILING 


This method is adapted from Holmes and Quigley (1981) 

1. Resuspend the bacterial pellet (obtained in step 3, page 1 25) in 350 u\ of 
STET 


STET 

0 1 M NaCl 

10 mM Tris • Cl (pH 8 0) 

1 mw EDTA (pH 8 0) 

5% Triton X-100 

2. Add 25 )ul of a freshly prepared solution of lysozyme (10 mg/ml in 10 mM 
Tris Cl I pH 8 01) Mix by vortexing for 3 seconds 

Lysozyme will not work efficiently if the pH of the solution is less than 8 0 

3. Place the tube in a boiling-water bath for exactly 40 seconds 

4. Centrifuge the bacterial lysate at 12,00Qg for 10 minutes at room 
temperature in a microfuge 

5. Remove the pellet of bacterial debris from the microfuge tube with a 
sterile toothpick 

6. Add to the supernatant 40 jttl of 2 5 m sodium acetate (pH 5 2) and 420 ;li 1 
of isopropanol Mix by vortexing, and store the tube for 5 minutes at 
room temperature 

7. Recover the pellet of nucleic acids by centrifugation at 12,00Qg for 5 
minutes at 4”C in a microfuge 

8. Remove the supernatant by gentle aspiration Stand the tube in an 
inverted position on a paper towel to allow all of the fluid to dram away. 
Remove any drops of fluid adhering to the walls of the tube 

The supernatant can be conveniently removed with a disposable pipette tip attached 
to a vacuum line (see Figure 1 3) Use a gentle vacuum and touch the tip to the 
surface of the liquid Keep the tip as far away from the pellet of nucleic acid as 
possible while the fluid is withdrawn from the tube The pipette tip can then be 
used to vacuum the walls of the tube to remove any adherent droplets of fluid 

9. Add 1 ml of 70% ethanol and recentrifuge at 12,000g for 2 minutes at 4°C 
m a microfuge 

10. Again remove all of the supernatant by gentle aspiration as descnbed m 
step 8 Take care with this step, as the pellet sometimes does not adhere 
tightly to the tube. Remove any beads of ethanol that form on the sides 
of the tube. Store the open tube at room temperature until the ethanol 
has evaporated and no fluid is visible in the tube (2-5 minutes). 
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11. Redissolve the nucleic acids in 50 /xl of TE (pH 8 0) containing DNAase- 
free pancreatic RNAase (20 fig/ml) (see Appendix B) Vortex briefly 
Store the DNA at -20®C. 

Notes 

i. The boiling method is not recommended when making small-scale prepa¬ 
rations of plasmid DNA from strains of E. coli that express endonuclease A 
iendA^ strains; e.g., HBlOl) Because endonuclease A is not completely 
inactivated by the boiling procedure, the plasmid DNA is degraded during 
subsequent incubation m the presence of Mg^^ (eg, during digestion 
with restriction enzymes). This problem can be avoided by including an 
extra step—extraction with phenol xhloroform—in the protocol between 
steps 8 and 9 

ii The typical yield of high-copy-number plasmids, such as Xf3 or pUC, 
prepared by this method is about 3-5 fxg of DNA per milliliter of original 
bacterial culture 

iii To analyze the DNA by cleavage with restriction enzyme(s), remove 1 ^ul 
of the DNA solution and add it to a fresh microfuge tube that contains 8 
fii of water. Add 1 )al of the appropriate 10 x restriction enzyme buffer 
and 1 unit of the desired restriction enzyme Incubate the reaction for 
1-2 hours at the appropriate temperature Store the remainder of the 
DNA preparation at -20°C Analyze the DNA fragments in the restric¬ 
tion digest by gel electrophoresis. 

If the miniprep DNA is resistant to cleavage with the restriction 
enzyme, it is likely that insufficient care was taken to remove all of the 
fluid at step 3, page 1 25, or step 8 above In this case, extract the final 
DNA preparation with phenol chloroform and reprecipitate the DNA with 
ethanol 

Frequently, difficulties in cleavage with restriction enzymes can be 
overcome by digesting in a volume of 100-200 /xl and using five- to 
tenfold more enzyme (especially for inexpensive enzymes) After diges¬ 
tion, add 0.1 volume of 3 m sodium acetate (pH 5 2) and precipitate the 
DNA with 2 volumes of ethanol 
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Solving Problems That Arise with Mlniprepamtions ot Plasmid, DBiA 

Both the alkaline lysis and boiling methods are extremely reliable, highly 
reproducible, and generally free of trouble. In all the years that these 
methods have been in common use in our laboratories, only two problems 
have arisen. 

• When workers make mimpreps for the first time, the plasmid DNA some¬ 
times IS resistant to cleavage by restriction enzymes. Almost always, this 
problem occurs because insufficient care is taken to remove all of the 
supernatant fluid from the pellet of bacteria or from the precipitates of 
nucleic acid In most cases, the impurities in the mimprep can be removed 
by extracting the solution with phenolxhloroform and precipitating the 
DNA with ethanol If problems still persist, the DNA can be purified by 
spun-column chromatography (see Appendix E). 

• Very occasionally, individual mimpreps are found to contain no plasmid 
DNA This almost always occurs because the pellet of nucleic acid has been 
discarded with the ethanol 
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MtttpiA HisTnjption vf Unctertol Coionies io Test tHe Siste of PInsmuds 

Frequently, it is possible to determine from the size of a plasmid whether or 
not it carries an insert. The protocol described below (devised by J Jenkins 
[pers. comm.] and based on the method of Barnes 11977]) yields enough DNA 
to load on a single lane of an agarose gel. 

1. Grow bacterial colonies on rich agar medium (LB or SOB) containing the 
appropnate antibiotic until they are approximately 1 mm m diameter 

2. Using a sterile toothpick or disposable loop, transfer a small segment of a 
bacterial colony to a streak or patch on a master agar plate containing 
the appropriate antibiotic When all of the colonies have been replicated 
in this fashion, incubate the master plate for several hours at 37°C and 
then store it at 4'’C until it is needed to recover the appropnate colonies 

3. Transfer the remainder of each colony from the original plate to a 
microfuge tube containing 50 ju.1 of a sterile solution of 10 mM EDTA (pH 
8 0 ) 

4. Add 50 fjil of a freshly made solution of 0 2 n NaOH, 0 5% SDS, 20% 
sucrose Vortex the mixture for 30 seconds 

5. Incubate the mixture for 5 minutes at 70°C, and then allow it to cool to 
room temperature 

6. Add 1 5 /il of a solution of 4 m KCl and 0 5 jU.1 of a solution containing 
0 4% bromophenol blue Vortex the mixture for 30 seconds 

7. Incubate the mixture for 5 minutes on ice 

8. Remove bacterial debris by centrifugation at 12,00Qg for 3 minuto.s at 4‘'C 
in a microfuge 

9. Load 50 /il of the supernatant into a slot (5 mm in length x 2 5 mm in 
width) cast m a 0 7% agarose gel (5 mm thick) 

10 . After the dye has migrated two thirds to three fourths the length of the 
gel, stain the gel by soaking it for 30-45 minutes in a solution of 
ethidium bromide (0.6 p-g/ml in water) at room temperature 

The rate of migration of superhelical DNA in the absence of ethidmm bromide 
reflects its molecular weight more faithfully than its rate of migration in the 
presence of the intercalating dye 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described on pages 1.49-1.50. 
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LABGE-SCALE PKEPARAHONS OF PLASMID DNA 

Amplification of Plasmids in Rich Medium 

For many years, it was thought that amplification of plasmids in the presence 
of chloramphenicol was effective only when the host bacteria were grown in 
minimal medium However, the following procedure gives reproducibly high 
yields (2—5 mg of plasmid DNA per 500 ml of culture) with strains of E coli 
harboring high-copy-number plasmids carrying the pMBl or ColEl replicon. 

1. Grow a 30-ml culture of the bacterial strain carrying the plasmid of 
interest to late log phase (i e , to an ODgQo of ~0 6) 

The medium should be inoculated with a single bacterial colony or with a small liquid 
culture grown from a single colony The appropriate antibiotic should be present in 
the medium 

2. Inoculate 500 ml of LB or Terrific Broth medium (prewarmed to 37°C) 
containing the appropriate antibiotic in a 2-liter flask with 25 ml of the 
late-log-phase culture Incubate the culture for exactly 2.5 hours at 37°C 
with vigorous shaking (300 cycles/mmute on a rotary shaker) The 

of the resulting culture will be ~ 0 4 

To confirm that the culture contains the correct plasmid, prepare a small amount of 
plasmid DNA by one of the methods described on pages 1 25-1 28 and 1 29-1 30 and 
analyze it by digestion with the appropriate restriction enzyme(s) 

3. Optional Add 2 5 ml of a solution of chloramphenicol (34 mg/ml in 
ethanol) The final concentration of chloramphenicol in the culture is 170 
Aig/ml 

Amplification is necessary to achieve high yields of plasmids, such as pBR322, that 
replicate to only moderate copy numbers in their host bacteria Plasmids of a later 
generation (c g , pUC plasmids) replicate to such high copy numbers that amplification 
IS unnecessary These plasmids can be purified in large 5neld from bacterial cultures 
that aie allowed to grow to saturation However, treatment with chloramphenicol has 
the advantage of inhibiting bacterial replication This reduces the bulk and viscosity 
of the bacterial lysate and greatly simplifies purification of the plasmid In general, 
the benefits of chloramphenicol treatment outweigh the small inconvenience involved 
in adding the drug to the growing bacterial culture 

4. Incubate the culture for a further 12-16 hours at 37°C with vigorous 
shaking (300 cycles/mmute on a rotary shaker) 
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Harvesting and Lysis of Bacteria 


HARVESTING 

1. Harvest the bacterial cells from a 500-ml culture by centrifugation at 4000 
rpm for 15 minutes at 4°C in a Sorvall GS3 rotor (or its equivalent) 
Discard the supernatant. Stand the open centrifuge bottle in an inverted 
position to allow all of the supernatant to drain away 

2. Resuspend the bacterial pellet m 100 ml of ice-cold STE 

STE 

0.1 M NaCl 

10 noM Tns • Cl (pH 8.0) 

1 mM EDTA (pH 8.0) 


3. Collect the bacterial cells by centrifugation as described in step 1 


LYSIS BY BOILING 

This method (adapted from Holmes and Quigley 1981) is designed to be used 
in conjunction with a subsequent purification step, e g , equilibrium centrifu¬ 
gation in CsCl-ethidium bromide gradients It is recommended only for 
cultures that have been treated with chloramphenicol Untreated cultures 
produce lysates that are too viscous to be manageable 
Lysis by boiling should not be used when making large-scale preparations 
of plasmids from E coli strain HBlOl and its derivatives (which include 
TGI) These bacteria release a large amount of carbohydrate that bands at 
approximately the same density in CsCl-ethidium bromide gradients as 
closed circular plasmid DNA The carbohydrate inhibits enzymes that use 
DNA as a template or substrate 

1. Resuspend the washed bacterial pellet from a 500-ml culture (obtained in 
step 3 above) in 10 ml of ice-cold STET 

STET 
0.1 M NaCl 

10 mM Tris ■ Cl (pH 8.0) 

1 HIM EDTA (pH 8.0) 

5% Triton X-100 


Transfer the suspension to a 50-ml Erlenmeyer flask 

2. Add 1 ml of a freshly prepared solution of lysozyme (10 mg/ml in 10 him 
Tris-Cl [pH 8 0]). 

Lysozyme will not work efficiently if the pH of the solution is less than 8 0 


1<34: Plasmid Vectors 



3. Using a clamp, hold the Erlenmeyer flask over the open flame of a Bunsen 
burner until the liquid just starts to boil Shake the flask constantly. 

4. Immediately immerse the flask in a large (2-liter) beaker of boilmg water. 
Hold the flask in the boiling water for exactly 40 seconds. 

5. Cool the flask by immersing it in ice-cold water for 5 minutes 

6. Transfer the viscous contents of the flask to an ultracentrifuge tube 
(Beckman SW41 or its equivalent) Centrifuge at 30,000 rpm for 30 
minutes at 4°C 

The denser the growth of the original bacterial culture, the more difficult it is to 
transfer the viscous lysate to the centrifuge tube If absolutely necessary, the lysate 
can be chopped into chunks of manageable size with a pair of long-blade scissors, or it 
can be partially sheared by drawing it into the barrel of a 10-ml synnge This problem 
generally does not arise when isolating plasmid DNA from bacterial cultures that 
have been treated with chloramphenicol 

If the bacterial debris does not form a tightly packed pellet, recentrifuge at 35,000 
rpm for a further 20 minutes, and then transfer as much of the supernatant as 
possible to a new tube Discard the viscous liquid remaining in the centrifuge tube 

7. Transfer the supernatant to a fresh tube, and purify the plasmid DNA by 
equilibrium centrifugation in CsCl-ethidium bromide gradients (see page 
142) 
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LYSIS BY SODIUM DODECYL SULFATE 


This method (adapted from Godson and Vapnek 1973) gives much lower 
yields but is considerably more gentle than those described elsewhere in this 
chapter It is the method of choice for isolating large plasmids ( > 15 kb) 

1 . Resuspend the washed bacterial pellet from a 500-ml culture (obtained in 
step 3, page 1 34) in 10 ml of an ice-cold solution of 10% sucrose in 50 mM 
Tris • Cl (pH 8 0). Transfer the suspension to a 30-ml plastic screw-cap 
tube (Oak Ridge style). 

2. Add 2 ml of a freshly prepared solution of lysozyme (10 mg/ml in 10 mM 
Tris Cl [pH 8.0]) 

Lysozyme will not work efficiently if the pH of the solution is less than 8 0 

3. Add 8 ml of 0.25 m EDTA (pH 8 0) Mix the suspension by inverting the 
tube several times. Place the tube on ice for 10 minutes 

4. Add 4 ml of 10% SDS Immediately mix the contents of the tube with a 
glass rod so as to disperse the SDS evenly throughout the bacterial 
suspension Be as gentle as possible to minimize shearing of the 
liberated DNA 

5. As soon as mixing is completed, add 6 ml of 5 m NaCl (final con¬ 
centration = 1 m) Again, use a glass rod to mix the contents of the tube 
gently but thoroughly Place the tube on ice for at least 1 hour 

6. Remove high-molecular-weight DNA and bacterial debris by centrifuga¬ 
tion at 30,000 rpm for 30 minutes at 4'‘C in a Beckman Ti50 rotor (or its 
equivalent) Carefully transfer the supernatant to a 50-ml disposable 
plastic centrifuge tube Discard the pellet 

If the bacterial debris does not form a tightly packed pellet, recentnfuge at 35,000 
rpm for a further 20 minutes, and then transfer as much of the supernatant as 
possible to a fresh tube Discard the viscous liquid remaining in the centrifuge tube 

7. Extract the supernatant once with phenol.chloroform and once with 
chloroform. 

8. Transfer the aqueous phase to a 250-ml centrifuge bottle Add 2 volumes 
(~ 60 ml) of ethanol at room temperature Mix well Let stand at room 
temperature for 1-2 hours 

9. Recover the nucleic acids by centrifugation at 5000^ for 20 minutes at 
4°C. 

Honzorital rotors are better than angle rotors for this step, smce they concentrate 
the nucleic acids on the bottom of the bottle rather than smearing them on the walls 
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10. Discard the supernatant Wash the pellet with 70% ethanol at room 
temperature smd recentnfuge as in step 9 Discard as much of the 
ethanol as possible, and then invert the centrifuge bottle on a pad of 
paper towels to allow the last of the ethanol to dram away Dry the 
centnfuge bottle bnefly m a vacuum desiccator, but do not allow the 
pellet to dry completely 

11. Dissolve the DNA in 3 ml of TE (pH 8.0) 


12. Purify the plasmid DNA by equilibrium centnfugation in CsCl-ethidium 
bromide gradients (see page 1 42) 

Large plasmids ( > 15 kb) are vulnerable to nicking during the several precipitation 
steps that are used in purification by polyethylene glycol Purification by equilib¬ 
rium centnfugation in CsCl-ethidium bromide gradients is therefore the method of 
choice with such plasmids 
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LYSIS BY ALKALI 


This protocol is an unpublished procedure of R Treisman and is a modifica¬ 
tion of the methods of Bimboim and Doly (1979) and Ish-Horowicz and Burke 
(1981). The method, which works well with all commonly used strains oiE 
coll, is designed to be used in conjunction with a subsequent purification step, 
such as precipitation with polyethylene glycol or equilibrium centrifugation 
in CsCl-ethidium bromide gradients. 

Note The volumes given in parentheses should be used with cultures that have not been 
treated with chloramphenicol 

1. Resuspend the washed bacterial pellet from a 500-ml culture (obtained in 
step 3, page 1 34) in 10 ml (18 ml) of Solution I 


Solution I 

50 mM glucose 

25 mM Tris • Cl (pH 8 0) 

10 mM EDTA (pH 8.0) 

Solution I can be prepared in batches of ~100 ml, autoclaved for 
15 minutes at 10 Ib/sq m. on liquid cycle, and stored at 4°C 


2. Add 1 ml (2 ml) of a freshly prepared solution of lysozyme (10 mg/ml in 
10 mM Tris Cl [pH 8 0]) 

Lysozyme will not work efficiently if the pH of the solution is less than 8 0 

3. Add 20 ml (40 ml) of freshly prepared Solution II 

Solution II 

0 2 N NaOH (freshly diluted from a 10 n stock) 

1% SDS 


Close the top of the centrifuge bottle and mix the contents thoroughly 
by gently inverting the bottle several times Store the bottle at room 
temperature for 5-10 minutes 

4. Add 15 ml (20 ml) of ice-cold Solution III. 

Solution III 

5 M potassium acetate 60 ml 
glacial acetic acid 11.5 ml 

HgO 28 5 ml 

The resulting solution is 3 m with respect to potassi um and 5 m 
with respect to acetate. 
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Close the top of the centrifuge bottle and mix the contents by shaking 
the bottle several times There should no longer be two distinguishable 
liquid phases Store the bottle on ice for 10 minutes. A flocculent white 
precipitate should form 

The precipitate that forms during storage at 0°C consists of chromosomal DNA, 
high-molecular-weight RNA, and potassium/SDS/protem/membrane complexes 

5. Centrifuge the bacterial lysate at 4000 rpm for 15 minutes at 4°C in a 
Sorvall GS3 rotor (or its equivalent). Allow the rotor to stop without 
braking 

If the bactenal debris does not form a tightly packed pellet, recentrifuge at 5000 rpm 
for a further 20 minutes, and then transfer as much of the supernatant as possible to 
a fresh bottle Discard the viscous liquid remaining m the centrifuge bottle The 
failure to form a compact pellet is usually a consequence of inadequate mixing of the 
bactenal lysate with Solution III (step 4) 

6. Filter the supernatant through four layers of cheesecloth into a 250-ml 
centrifuge bottle Add 0 6 volume of isopropanol, mix well, and store the 
bottle for 10 mmutes at room temperature 

7. Recover the nucleic acids by centrifugation at 5000 rpm for 15 minutes at 
room temperature m a Sorvall GS3 rotor (or its equivalent) 

Salt may precipitate if centnfugation is carried out at 4°C 

8. Decant the supernatant carefully, and invert the open bottle to allow the 
last drops of supernatant to dram away. Rinse the pellet and the walls of 
the bottle with 70% ethanol at room temperature Dram off the ethanol, 
and use a pasteur pipette attached to a vacuum line to remove any beads 
of liquid that adhere to the walls of the bottle Place the inverted, open 
bottle on a pad of paper towels for a few mmutes at room temperature to 
allow the final traces of ethanol to evaporate. 

9. Dissolve the pellet of nucleic acid m 3 ml of TE (pH 8 0). 

10. Purify the plasmid DNA either by equilibrium centrifugation in CsCl- 
ethidium bromide gradients (see page 1 42) or by precipitation with 
polyethylene glycol (see page 1 40) 
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PVBIFICATION OF PLASMID DNA 

Puwifientton of Plasmid. DNA hy Precipitation 
with Polyethylene Glycol 

The method presented here (R. Treisman, pers. comm) has been used 
effectively to purify plasmid DNA prepared by the alkaline lysis method 

1 . Transfer the nucleic acid solution (from step 9, page 1 39) to a 15-ml 
Corex tube, and add 3 ml of an ice-cold solution of 5 m LiCl Mix well, 
and then centrifuge the solution at 10,000 rpm for 10 minutes at 4°C in a 
Sorvall SS34 rotor (or its equivalent) 

LiCl precipitates high-molecular-weight RNA 

2. Transfer the supernatant to a fresh 30-ml Corex tube Add an equal 
volume of isopropanol. Mix well Recover the precipitated nucleic acids 
by centrifugation at 10,000 rpm for 10 minutes at room temperature in a 
Sorvall SS34 rotor (or its equivalent) 

3. Decant the supernatant carefully, and invert the open tube to allow the 
last drops of supernatant to drain away Rinse the pellet and the walls of 
the tube with 70% ethanol at room temperature Dram off the ethanol, 
and use a pasteur pipette attached to a vacuum line to remove any beads 
of liquid that adhere to the walls of the tube Place the inverted, open 
tube on a pad of paper towels for a few minutes at room temperature to 
allow the last traces of ethanol to evaporate 

4. Dissolve the pellet in 500 yul of TE (pH 8 0) containing DNAase-free 
pancreatic RNAase (20 /Ag/ml) (see Appendix B) Transfer the solution 
to a microfuge tube and store at room temperature for 30 minutes 

5. Add 500 /U.1 of 1 6 M NaCl containing 13% (w/v) polyethylene glycol (PEG 
8000) Mix well Recover the plasmid DNA by centrifugation at 12,000g 
for 5 minutes at 4°C in a microfuge 

6. Remove the supernatant by aspiration Dissolve the pellet of plasmid 
DNA in 400 ^l\ of TE (pH 8 0) Extract the solution once with phenol, 
once with phenol.chloroform, and once with chloroform 

7. Transfer the aqueous phase to a fresh microfuge tube Add 100 jal of 10 m 
ammonium acetate, and mix well Add 2 volumes (~ 1 ml) of ethanol, 
and store the tube for 10 minutes at room temperature. Recover the 
precipitated plasmid DNA by centrifugation at 12,000g for 5 minutes at 
4‘’C in a microfuge 

8. Remove the supernatant by aspiration Add 200 /u.1 of 70% ethanol at 
4°C. Vortex briefly, and then centrifuge at 12,000g for 2 minutes at 4°C 
in a microfuge. 
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9. Remove the supernatant by aspiration, and store the open tube on the 
bench until the last visible traces of ethanol have evaporated. 

10. Dissolve the pellet in 500 fil of TE (pH 8 0). Measure the ODggo of a 
1.100 dilution (m TE [pH 8 0]) of the solution, and calculate the concen¬ 
tration of the plasmid DNA (1 ODgeo = 50 /u,g of plasmid DNA/ml). Store 
the DNA in aliquots at -20°C. 
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Rnrificaiion of fhosed Circuinr ONA by SqwMihiriwm Centrifugation 
in CsCl—Ethiditun Bromide Gradients 

CONTINUOUS GRADIENTS 

1. Measure the volume of the DNA solutidn For every milliliter, add exactly 
1 g of solid CsCl Warm the solution to 30°C to facilitate the dissolution of 
the salt. Mix the solution gently until the salt is dissolved 

2. Add 0.8 ml of a solution of ethidium bromide (10 mg/ml in water) for every 
10 ml of the DNA/CsCl solution. Immediately mix the ethidium bromide 
solution (which floats on the surface) with the denser DNA/CsCl solution 
The final density of the solution should be 1 55 g/ml (refractive index = 

1 3860), and the concentration of ethidium bromide should be approxi¬ 
mately 740 /ig/ml 

Stock solutions of ethidium bromide should be stored in light-tight containers (e g , in 
a bottle completely wrapped m aluminum foil) at room temperature 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described on pages 1 49-1 50 

3. Centrifuge the solution at 8000 rpm for 5 minutes at room temperature in 
a Sorvall SS34 rotor (or its equivalent) The furry scum that floats to the 
top consists of complexes formed between the ethidium bromide and 
bacterial proteins 

4. Using a pasteur pipette or a disposable syringe fitted with a large-gauge 
needle, transfer the clear, red solution under the scum to a tube (Beckman 
Quick-Seal or equivalent) suitable for centrifugation in a Beckman verti¬ 
cal Ti65 rotor or an angle Ti50, Ti65, or Ti70 rotor (or their equivalents) 
Fill the remainder of the tube with light paraffin oil and seal the tube 

5. Centrifuge the density gradients at 45,000 rpm for 16 hours (VTi65), 
45,000 rpm for 48 hours (Ti50), 60,000 rpm for 24 hours (Ti65), or 60,000 
rpm for 24 hours (Ti70 1) at 20“C 

Two bands of DNA, located in the center of the gradient, should be 
visible in ordinary light (see Figure 1 4, page 1 45) The upper band, 
which usually contains less material, consists of linear bacterial 
(chromosomal) DNA and nicked circular plasmid DNA; the lower band 
consists of closed circular plasmid DNA. The deep-red pellet on the 
bottom of the tube consists of ethidium bromide/RNA complexes. The 
material between the CsCl solution and the paraffin oil is protein. 

CsCl-ethidium bromide gradients in Beckman Quick-Seal tubes can accommodate up 
to 4 mg of closed circular plasmid DNA without becoming overloaded If more plasmid 
DNA IS present, it spreads into a wide band that overlaps with the chromosomal DNA 
This problem, which arises only with plasmids that replicate to extremely high levels, 
can be avoided by dividing such plasimd preparations between two gradients If 
overloadmg does occur, collect the entire band of DNA, adjust the volume of the 
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solution to 15 ml with CsCl solution (p = 1 58 g/ml), and recentnfuge the DNA to 
equilibrium in two centrifuge tubes 

6. Collect the bands of DNA as shown in Figure 1 4 (page 1.45) and described 
here Insert a 21-gauge hypodermic needle into the top of the tube to 
allow air to enter. To minimiz e the possibility of contamination, first 
collect the upper band (chromosomal DNA) through an 18-gauge hypo¬ 
dermic needle as follows: Carefully wipe the outside of the tube with 
ethanol to remove any grease or oil, and then attach a piece of Scotch Tape 
to the outside of the tube. Insert an 18-gauge hypodermic needle (beveled 
side up) into the tube through the tape so that the open, beveled side of 
the needle is positioned just below the band of chromosomal DNA and 
parallel to it Collect the viscous DNA into a disposable tube, and then 
seal the end of the hypodermic needle with a plug of modeling clay. 
Leaving the second needle in place, insert a third hypodermic needle (18 
gauge) through the tape and collect the lower band of plasmid DNA into a 
glass or plastic tube. 

7. Remove ethidium bromide from the DNA as described on page 1 46 or 
147 
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DISCONTINUOUS GRADIENTS 


In this method, solutions containing different concentrations of CsCl are 
layered into the centrifuge tube This speeds the formation of the CsCl 
gradient and allows the centrifugation time to be reduced to 6 hours 

1. Prepare a solution of CsCl (p = 1 47 g/ml) by adding 125 g of CsCl to 167 
ml of TE (pH 8.0). 

2. Add 8 ml of the CsCl solution to a Beckman Quick-Seal centrifuge tube 
(or its equivalent). Put this aside until needed in step 8 

3. If necessary, adjust the volume of the solution of plasmid DNA to exactly 
3 ml with TE (pH 8 0). 

4. Add 8.4 g of CsCl to the solution of plasmid DNA Warm the solution to 
30°C to facilitate dissolution of the salt Mix the solution gently until the 
salt IS dissolved 

5. Weigh the solution and add TE (pH 8 0) until the solution weighs exactly 
13 2 g Be certain to tare the balance with the weight of the tube 

6. Add 0.8 ml of a solution of ethidium bromide (10 mg/ml in water) 
Quickly mix the solution until the dye is homogeneously dispersed The 
volume of the solution should now be approximately 7 5 ml 

Stock solutions of ethidium bromide should be stored m light-tight containeis (e g , 
in a bottle completely wrapped in aluminum foil) at room temperature 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described on pages 1 49-1.50 

7. Centrifuge the solution at 8000 rpm for 5 minutes at room tempei ature 
in a Sorvall SS34 rotor (or its equivalent) The furry scum that floats to 
the top consists of complexes formed between the ethidium bromide and 
bacterial proteins. 

8. Place a 9-inch pasteur pipette into the centrifuge tube containing CsCl 
prepared in step 2 The tip of the pipette should touch the bottom of the 
tube Carefully load the clear, red solution (from beneath the scum) 
prepared in step 7 into the tube through the pipette so that the sample is 
layered under the 1 47 g/ml CsCl solution already in the tube If 
necessary, fill the tube with the CsCl solution (p = 1 47 g/ml) prepared 
in step 1. Seal the tube. 

9. Load the sealed tube (together with an appropnate balancing tube) into a 
Beckman Ti70.1 or Sorvall 65 13 rotor (or equivalent), and centrifuge the 
density gradient at 60,000 rpm for 6 hours at 20°C. 

10. Recover the band of closed circular plasmid DNA as described in step 6, 
page 1.43, and shown in Figure 1.4 

11. Remove ethidium bromide from the DNA as described on page 1.46 or 
1.47. 
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1st hypodermic needle 
(21 gauge) 




FIGMJRE 1.4 

Collection of superhelical plasmid DNA from CsCl gradients containing ethidium bromide. See 
step 6, page 1 43, for details. 
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Mtemoval orEOtidiwun Bromide from DNAs Pwritied by Eqnilihrium 
Cenfrifugntion in CsCi—Ethidinm Bromide Gradients 

Either of the two methods given below are effective in removing ethidium 
bromide from DNA purified by equilibrium centrifugation m CsCl-ethidium 
bromide gradients. Method 1 is more commonly used 

METHOD 1; EXTRACTION WITH ORGANIC SOLVENTS 

Caution: Ethidium bromide is a powerful mutagen and is moderately toxic 
Gloves should be worn when working with solutions that contain this dye 
After use, these solutions should be decontaminated by one of the methods 
described on pages 1.49—1.50 

1. To the solution of DNA in a glass or plastic tube, add an equal volume of 
either 1-butanol saturated with water or isoamyl alcohol 

2. Mix the two phases by vortexmg 

3. Centrifuge the mixture at 1500 rpm for 3 minutes at room temperature in 
a bench centrifuge 

4. Using a pasteur pipette, transfer the lower, aqueous phase to a clean glass 
or plastic tube. 

5. Repeat the extraction (steps 1-4) four to six times until all the pink color 
disappears from both the aqueous phase and the organic phase 

6. Remove the CsCl from the DNA solution either by spin dialysis through a 
microconcentrator (Amicon) (see Chapter 14, page 14 22), by dialysis for 
24-48 hours against several changes of TE (pH 8 0), or by diluting with 3 
volumes of water and precipitating the DNA with 2 volumes of ethanol 
(i e , the final volume equals six times the original volume of the undiluted 
aqueous phase) for 15 minutes at 4°C followed by centrifugation at 10,000g 
for 15 minutes at 4°C Dissolve the precipitated DNA in approximately 1 
ml of TE (pH 8 0) 

CsCl precipitates if the ethanolic solution of DNA is stored at -20°C 

7. Measure the ODjeo of the final solution of DNA, and calculate the 
concentration of DNA (see Appendix E) Store the DNA in aliquots at 
-20'’C. 

Note 

If the final preparation of DNA contains significant quantities of ethidium 
bromide, as judged from its color, extract it once with phenol and once with 
phenol.-chloroform and then reprecipitate the DNA with ethanol. 
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METHOD 2: ION-EXCHANGE CHROMATOGRAPHY 


Caution: Ethidium bromide is a powerful mutagen and is moderately toxic. 
Gloves should be worn when working with solutions that contain this dye. 
After use, these solutions should be decontaminated by one of the methods 
described on pages 1 49-1 50 


1. Construct a 1-ml column of Dowex AG50 in a pasteur pipette as shown in 
Figure 1 5. 

Before use, Dowex AG50 resin should be equilibrated as follows 
a Stir approximately 20 g of Dowex AG50 m approximately 100 ml of 1 M NaCl for 5 
minutes Allow the resin to settle, and remove the supernatant by aspiration 
b Add approximately 100 ml of 1 N HCl, and stir the slurry for a further 5 minutes 
Again allow the resin to settle, and remove the supernatant by aspiration 



Removal of ethidium bromide from DNA by chromatography through Dowex AG50. 
See step 1 above for details. 
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c Repeat step b with two batches of water (100 ml each), followed by one batch of 
TEN buffer (100 ml) 


TEN buffer 

0.1 M Tris • Cl (pH 8.0) 
0.01 M EDTA (pH 8.0) 
1 M NaCl 


d Store the resin at 4°C in TEN buffer containing 0 2% sodium azide 

Caution: Sodium azide is poisonous It should be handled with great care 
wearing gloves, and solutions containing it should be clearly marked 

2. Remove the buffer above the resin, and rinse the column with 2 volumes of 
TE (pH 8 0). Apply the solution of DNA containing ethidium bromide and 
CsCl directly to the resin 

3. Immediately begin collecting the effluent from the column After all of the 
DNA solution has entered the column, wash the resin with 1 2 column 
volumes of TE (pH 8.0) and continue to collect the eluate 

4. After the column has run dry, dilute the pooled eluate with 2 volumes of 
water 

5. Precipitate the DNA with ethanol (use six times the original volume of the 
pooled eluate) for 15 minutes at 4''C Collect the DNA by centrifugation at 
12,000 rpm for 15 minutes at 4“C in a Sorvall SS34 rotor (or its equiv¬ 
alent). 

6. Remove the supernatant as completely as possible, and store the open 
tube for a few minutes in an inverted position on a pad of paper towels at 
room temperature to allow the last traces of ethanol to dram away 

7. Wash the pellet with 70% ethanol at 4°C, and recentnfuge as in step 5 
Remove the supernatant as completely as possible, and store the open 
tube for a few minutes in an inverted position on a pad of paper towels at 
room temperature to allow the last traces of ethanol to evaporate 

8. Dissolve the DNA in approximately 1 ml of TE (pH 8 0) Measure the 
ODjeo of the final solution of DNA, and calculate the concentration of DNA 
(see Appendix E). Store the DNA in aliquots at -20°C. 

Note 

If the final preparation of DNA contains significant quantities of ethidium 

bromide, as judged from its color, extract it once with phenol and once with 

phenol-chloroform and then reprecipitate the DNA with ethanol. 
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DeconUunination of Ethiditim Bromide Solntiotis 

Caution: Ethidium bromide is a powerful mutagen and is moderately toxic 
After use, solutions containing this dye should be decontaminated by one of 
the methods described below 

DECONTAMINATION OF CONCENTRATED SOLUTIONS OP ETHIDIUM BROMIDE 
(i.e., solutions containing >0.5 mg/ml) 

Method 1 

This method (Lunn and Sansone 1987) reduces the mutagenic activity of 
ethidium bromide m the Salmonella Imicrosome assay by approximately 
200-fold 

1. Add sufficient water to reduce the concentration of ethidium bromide to 
<05 mg/ml 

2. To the resulting solution, add 0 2 volume of fresh 5% hypophosphorous 
acid and 0 12 volume of fresh 0 5 m sodium nitrite Mix carefully 

Important: Check that the pH of the solution is < 3 0 

Hypophosphorous acid is usually supplied as a 50% solution, which is corrosive and 
should be handled with care It should be freshly diluted immediately before use 

Sodium nitrite solution (0 5 M) should be freshly prepared by dissolving 34 5 g of 
sodium nitrite in water to a final volume of 500 ml 

3. After incubation for 24 hours at room temperature, add a large excess of 
1 M sodium bicarbonate The solution may now be discarded 


Method 2 

This method (Quillardet and Hofnung 1988) reduces the mutagenic activity 
of ethidium bromide in the Salmonella frmcrosome assay by approximately 
3000-fold However, there are reports (Lunn and Sansone 1987) of mutagenic 
activity in occasional batches of "blanks treated with the decontaminating 
solutions 

1. Add sufficient water to reduce the concentration of ethidium bromide to 
<05 mg/ml 

2. To the resulting solution, add 1 volume of 0 5 m KMn 04 Mix carefully, 
and then add 1 volume of 2 5 n HCl Mix carefully, and allow the solution 
to stand at room temperature for several hours 

3. Add 1 volume of 2 5 n NaOH Mix carefully, and then discard the solution. 
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DECONTAMINATION OF DILUTE SOLUTIONS OF ETHIDIUM BROMIDE 
(e.g., electrophoresis buffer containing 0.5 /ig/ml ethidium bromide) 

Method 1 

The following method is from Lunn and Sansone (1987) 

1 . Add 2.9 g of Amberiite XAD-16 for each 100 ml of solution Amberlite 
XAD-16, a noniomc, polymeric absorbent, is available from Rohm and 
Haas 

2. Store the solution for 12 hours at room temperature, shaking it intermit¬ 
tently 

3. Filter the solution through a Whatman No 1 filter, and discard the 
filtrate 

4. Seal the filter and Amberlite resin in a plastic bag, and dispose of the bag 
in the hazardous waste 

Method 2 

The following method is from Bensaude (1988) 

1. Add 100 mg of powdered activated charcoal for each 100 ml of solution 

2. Store the solution for 1 hour at room temperature, shaking it intermit¬ 
tently 

3. Filter the solution through a Whatman No 1 filter, and discard the 
filtrate 

4. Seal the filter and activated charcoal in a plastic bag, and dispose of the 
bag in the hazardous waste. 

Notes 

1 Treatment of dilute solutions of ethidium bromide with hypochlorite 
(bleach) is not recommended as a method of decontamination Such 
treatment reduces the mutagenic activity of ethidium bromide in the 
Sa/monef/o/microsome assay by about 1000-fold, but it converts the dye 
into a compound that is mutagenic in the absence of microsomes (Quillar- 
det and Hofnung 1988). 

ii. Ethidium bromide decomposes at 262'’C and is unlikely to be hazardous 
after incineration under standard conditions. 

iii. Slurries of Amberlite XAD-16 or activated charcoal can be used to 
decontaminate surfaces that become contammated by ethidium bromide. 
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Removal of BNA from Preparations of Plasmid DNA 

For some purposes (e.g, for digestion with BAL 31 or for labeling the 5' 
termini of restriction enzyme fragments of plasmid DNA with bacteriophage 
T4 polynucleotide kinase), it is essential to obtain DNA preparations that are 
free of contaminating RNA. Although the weight of such contaminants in 
plasmid DNA prepared by equilibrium centrifugation in CsCl-ethidium 
bromide gradients is small, the number of RNA molecules can be relatively 
large and can contnbute significantly to the total number of 5' termini in a 
restriction digest RNA can be removed from plasmid preparations by the 
following two methods 


CENTRIFUGATION THROUGH 1 M NaCl 

This is an unpublished protocol of B Seed 

1. Add 0 1 volume of 3 M sodium acetate (pH 5.2) and precipitate the nucleic 
acids with 2 volumes of ethanol for 30 minutes at 4°C 

2. Recover the nucleic acids by centrifugation at > 10,00Qg' for 15 minutes at 
4°C. Dram off as much of the supernatant as possible, and then store the 
open tube on the bench to allow the last traces of ethanol to evaporate. 

3. Dissolve the pellet in TE (pH 8 0) at a concentration of at least 100 p,g/ml 

4. Add DNAase-free pancreatic RNAase (see Appendix B) to a final concen¬ 
tration of 10 fig/ml Incubate the mixture for 1 hour at room temperature. 

5. Add 4 ml of TE (pH 8.0) containing 1 M NaCl to a Beckman SW50 1 
centrifuge tube (or its equivalent) Using an automatic pipetting device 
equipped with a disposable tip, layer up to 1 ml of the RNAase-treated 
plasmid preparation on top of the 1 M NaCl solution. If necessary, fill the 
tube with TE (pH 8 0) Centrifuge at 40,000 rpm for 6 hours at 20°C in a 
Beckman SW50 1 rotor (or its equivalent) The plasmid DNA sediments to 
the bottom of the tube while the nbo-oligonucleotides remain in the 
supernatant 

6. Discard the supernatant. Redissolve the pellet of plasmid DNA in 0 5 ml 
of TE (pH 8 0) Add 50 jttl of 3 m sodium acetate (pH 5.2). Transfer the 
DNA solution to a microfuge tube and recover the DNA by precipitation 
with 2 volumes of ethanol for 10 minutes at 4°C and centnfugation at 
> 10,00Qg for 15 minutes at 4®C 
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CHROMATOGRAPHY THROUGH BIO-GEL A-150m OR SEPHAROSE CL-4B 

This is a modification of an unpublished procedure developed by F DeNoto 

and H Goodman 

1. Prepare the plasmid DNA as described in steps 1-4, page 1 51 

2. Extract the solution once with an equal volume of phenol equilibrated in 
TE (pH 8.0) (see Appendix B) 

3. Layer up to 1 ml of the aqueous phase on a column of Bio-Gel A-150m or 
Sepharose CL-4B (1 cm x 10 cm) equilibrated in TE (pH 8 0) and 0 1% 
SDS 

For instructions on the preparation of gel-filtration columns, see Chapter 8, page 8 70 

4. Wash the DNA into the column, apply a reservoir of TE (pH 8 0) contain¬ 
ing 01% SDS, and immediately begin to collect 0 5-ml fractions 

5. When 15 fractions have been collected, clamp off the bottom of the column 
Analyze 10 jul of each fraction by electrophoresis through a 0 7% agarose 
gel or by ethidium bromide fiuorescence (see Appendix E) in order to locate 
the plasmid DNA. 

6. Pool the fractions that contain plasmid DNA Recover the DNA by 
precipitation with 2 volumes of ethanol for 10 minutes at 4°C and 
centrifugation at > 10,00Qg for 15 minutes at 4°C 

Note 

It IS very difficult to remove all traces of plasmid DNA from the column of 

Bio-Gel A-150m or Sepharose CL-4B To eliminate the possibility of contami¬ 
nation, use each column only once 
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Strategies for Cloniw$g in Ptasmid Vectors 


In principle, cloning in plasmid vectors is very straightforward. The plasmid 
DNA IS cleaved with a restriction enzyme and joined in vitro to foreign DNA. 
The resulting recombinant plasmids are then used to transform bacteria In 
practice, however, the plasmid vector must be carefully chosen to minimize 
the effort required to identify and characterize recombinants The major , 
difficulty is distinguishing between plasmids that contain inserted foreign 
DNA and vector molecules that have recirculanzed without insertion of 
foreign DNA Recirculanzation of the vector can be limited to some extent by 
adjusting the concentrations of the foreign DNA and vector DNA in the 
ligation reaction However, a number of procedures, which are descnbed 
below, have been developed either to reduce recirculanzation of the vector 
still further or to distinguish recombinants from nonrecombinants by genetic 
techniques 

Because of their reliability and ease of handling, plasmids have become the 
workhorses of molecular cloning They simply work better than any other 
vectors when the DNA to be cloned is of simple structure and small size (<10 
kb) However, there is one type of DNA that is difficult to propagate in 
plasmids—DNA that contains long, head-to-head palindromic sequences 
(Collins and Hohn 1978, Lilley 1980, Collins 1981; Mizuuchi et al. 1982; 
Hagan and Warren 1983) Such sequences are lethal to their carrier plasmid, 
perhaps because they inhibit DNA replication by interfenng with the passage 
of replication forks or because they deletenously affect the state of supercoil- 
mg of the plasmid Plasmids carrying palindromic sequences are therefore 
prone to suffer deletions that destroy the symmetry. 

SmATEGlES FOR LIGATION 

Several strategies are available to ligate fragments of foreign DNA to plasmid 
vectors The choice among them depends on the nature of the termini of the 
foreign DNA fragment and the nature of the restriction sites in the plasmid 
vector and the foreign DNA. 

The Nature of the Ends of the Foreign DNA Fragment 

Recommendations for cloning foreign DNAs carrying various types of termini 
are given in Table 1,2 

FRAGMENTS CARRYING NONCOMPLEMENTARY PROTRUDING TERMINI 

The easiest fragments to clone carry noncomplementary protruding termim 
generated by digestion with two different restriction enzymes Most plasmid 
vectors in common use contain polycloning sites that consist of recognition 
sequences for several different restriction enzymes. Given the large variety 
of polycloning sites currently available, it is almost always possible to find a 
vector carrying restriction sites that are compatible with the termini of the 
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TAJBIJE 1.2 lAgaHon of Frugmenta of Foreign ONA fo Ftaamid Vectors 


Termini carried by 
fragment of foreign DNA 

Requirements for 
cloning 

Comments 

Blunt-ended 

high concentrations of 
DNAs and ligase 

background of nonrecombinant 
clones can be high 

restriction sites at junctions 
between plasmid and foreign 
DNAs may be eliminated 
recombinant plasmids may carry 
tandem copies of foreign DNA 

Different protruding 

for maximum efficiency 

restriction sites at junctions 

termini 

requires purification 
of plasmid vector after 
digestion with two 
restriction enz3nTies 

between plasmid and foreign 
DNAs are usually conserved 

background of nonrecombinant 
clones IS low 

foreign DNA is inserted in 
only one orientation within 
recombinant plasmid 

Identical protruding 

phosphatase treatment 

restriction sites at junctions 

termini 

of linear plasmid DNA 

between plasmid and foreign 
DNAs are usually conserved 

foreign DNA can be inserted in 
either orientation 

recombinant plasmids may carry 
tandem copies of foreign DNA 


fragment of foreign DNA. The fragment of foreign DNA is then inserted into 
the vector by a process known as directional cloning (Figure 1 6) For 
example, the vector pUC19 can be digested with BamHl and //indill and, 
after digestion, the large fragment of the vector can be purified from the 
small remnant of the polycloning site by gel electrophoresis or size-exclusion 
gel chromatography This vector can then be ligated to a segment of foreign 
DNA that contains cohesive termini compatible with those generated by 
BamRl and //in dill The resulting circular recombinant is then used to 

transform E coli to ampicillm resistance Because of the lack of com¬ 
plementarity between the //indlll and BamHl protruding ends, the vector 
fragment cannot circularize efficiently and transforms E coli very poorly 
Therefore, most of the bacterial cells resistant to ampicillin contain plasmids 
that carry a foreign DNA segment that forms a bridge between the //indlll 
and Sam HI sites Of course, different combinations of enzymes can be used 
depending on the particular segment of foreign DNA 
When preparing vectors for directional cloning, try to avoid using restric¬ 
tion sites that are directly adjacent to one another in the polycloning site. 
After one of these sites has been cleaved, the second site will be located 
within a few base pairs of one end of the linear DNA molecule. This is too 
close to allow efficient cleavage by many restriction enzymes. It is therefore 
important to check that both restriction enzymes have digested the vector to 
completion. This can be done in two ways: 
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HindWl 



EcoRl 

Sac\ 

Kpn\ 

Sma\ 

BamH\ 

Xba\ 

Sal\ 

Pst\ 

Sph\ 

HindWl 


H/ndlll 

BamUl 


large fragment 


I 

CQ 


zzzn 


HZ 


foreign DNA 


H/ndlll 
Sam HI 


GC 



small fragment 


Xba\ 

Sail 

Pst\ 

Sph\ 


Ligate plasmid vector to target DNA with bacteriophage T4 DNA ligase 



recombinant plasmids by 

• loss of a-complementation 

• nucleic acid hybridization 

• restriction analysis of mini- 
preps of plasmid DNA 


FIGVBE 1.6 

Directional cloning in plasmid vectors. 
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• Digest the vector with one of the two restriction enz 3 Tnes. When using 
restriction enzymes that work optimally in buffers of different ionic 
strengths, use the enzyme that prefers the lower concentration of salt At 
the end of the digestion, check an aliquot of the DNA by gel electrophoresis 
If all of the plasmid DNA has been converted from circular to linear 
molecules, adjust the salt concentration appropriately and add the second 
enzyme At the same time, set up a separate pilot reaction that contains 
circular plasmid DNA and only the second of the two restriction enzymes 
When all of the DNA in the pilot reaction has been converted to a linear 
form (as determined by gel electrophoresis), purify the large segment of 
plasmid DNA by gel electrophoresis or size-exclusion gel chromatography 

• A more stringent way to check that digestion is complete is shown in Figure 
1 7. An aliquot of DNA that has been cleaved with the first restriction 
enzyme is end-labeled, purified by spun-column chromatography, mixed 
with unlabeled linear DNA, and then digested with the second enzyme 
Complete digestion should result in the release of a small fragment of DNA 
that carries 50% of the radioactivity This can be detected by chromatog¬ 
raphy or by gel electrophoresis and autoradiography 

FRAGMENTS CARRYING IDENTICAL TERMINI (BLUNT-ENDED OR PROTRUDING) 

Fragments of foreign DNA carrying identical termini (either blunt-ended or 
protruding) must be cloned in a linearized plasmid vector bearing compatible 
ends During the ligation reaction, the foreign DNA and the plasmid have 
the capacity to circularize and to form tandem oligomers It is therefore 
necessary to carefully adjust the concentrations of the two types of DNA in 
the ligation reaction to optimize the number of “correct” ligation products 
(see page 1 63) In addition, removal of the 5'-phosphate groups with 
alkaline phosphatase is frequently used to suppress self-ligation and circu¬ 
larization of the plasmid DNA. During ligation in vitro, bacteriophage T4 
DNA ligase will catalyze the formation of a phosphodiester bond between 
adjacent nucleotides only if one nucleotide contains a 5'-phosphate group and 
the other contains a 3'-hydroxyl group Recircularization of plasmid DNA 
can therefore be minimized by removing the 5'-phosphates from both termini 
of the linear DNA with bacterial alkaline phosphatase (BAP) or calf intesti¬ 
nal alkaline phosphatase (CIP) (Seeburg et al 1977; Ullrich et al 1977) 
However, a foreign DNA segment with 5'-terminal phosphates can be ligated 
efficiently to the dephosphorylated plasmid DNA to give an open circular 
molecule containing two nicks (Figure 1.8) Because circular DNA (even 
mcked circular DNA) transforms much more efficiently than linear plasmid 
DNA, most of the transformants will contain recombinant plasmids A 
protocol for phosphatase treatment of plasmid DNA is given on pages 
1.60-1.61 


FRAGMENTS CARRYING BLUNT ENDS 

An additional comphcation arises when the fragment of foreign DNA carries 
blunt ends. Such DNAs are ligated much less efficiently than DNAs carry¬ 
ing protruding complementary termini. Ligation reactions involving blunt- 
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restriction site 1 restriction site 2 



Cleave with restriction enzyme 1 



Recombine small end-labeled aliquot with the mam batch of DNA 


Cleave with restriction enzyme 2 



Separate fragments of DNA by chromatography, for example, through Bio-Gel A-150m 



Fraction no 


FIGVKE 1.7 

Digestion of plasmid DNA with two restriction enzymes See text for details. 
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Ligate dephosphorylated plasmid vector to target 
DNA with bacteriophage T4 DNA ligase 
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I Transform E coh 



Identify colonies containing 
recombinant plasmids by 

• loss of a-complementation 

• nucleic acid hybridization 

• restriction analysis of mini- 
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ended molecules therefore require much higher concentrations both of 
bacteriophage T4 DNA ligase and of foreign and plasmid DNAs. In addition, 
the efficiency of this type of reaction is often increased by addition of 
low concentrations of substances such as polyethylene glycol (see page 1.70). 

The Nature of the Reatrietton in the Ptasmid Vector 
and the Foreign DNA 

The variety of restriction sites in plasmid vectors is now extremely large, and 
it IS often possible to find a vector that carries exactly the same restriction 
sites as the fragment of foreign DNA itself This has the advantage of 
allowing the foreign DNA to be recovered from the recombinant plasmid by 
digestion with the appropriate restriction enzymes. Alternatively, the frag¬ 
ment can be inserted into the vector at any sites that generate compatible 
termini For example, the restriction enzymes Ba/nHI and Bglll, which 
recognize different hexanucleotide sequences, generate restriction fragments 
with identical protruding termini Thus, fragments of foreign DNA prepared 
by digestion with Bglll can be cloned into a plasmid digested with BamHI 
This usually generates junction sequences that cannot be cleaved by the 
restriction enzjmie used to prepare either the foreign DNA or the vector In 
many cases, however, the fragment can be released from the recombinant 
plasmid by digestion with restriction enzymes that cleave in flanking poly- 
cloning sequences. 

Occasionally, it is impossible to find a suitable match between restriction 
sites in the plasmid and those at. the ends of the foreign DNA There are two 
solutions to this problem. 

• Sjmthetic linkers or adapters can be ligated to the termini of the linearized 
plasmid and/or fragment of foreign DNA (see Appendix F). 

• DNA fragments with recessed 3' termini can be partially filled in controlled 
reactions using the Klenow fragment of E. coli DNA polymerase I. As 
discussed in Chapter 9, this procedure often generates complementary 
termini from restriction sites that are otherwise incompatible, thus 
facilitating ligation of the vector and foreign DNAs Because partial filling 
eliminates the ability of termini on the same molecule to pair with one 
another, the frequencies of circularization and self-oligomerization during 
the ligation reaction are also reduced (Hung and Wensink 1984; Zabarovsky 
and Allikmets 1986). 


Plasmid Vectors 1*59 


DEPUOSPHOnYIAJaON OF UPiEAFOZEO PLASMID DNA 

Calf intestinal alkaline phosphatase (CIP), a dimeric glycoprotein, is the 
enzyme of choice to remove 5'-phosphate groups from linear DNAs Because 
each monomer of CIP carries two atoms of zinc that are essential for the 
activity of the enzyme (Simsek et al 1973), the buffer used for dephosphory¬ 
lation should contain ZnClg at a final concentration of 1 mM At the end of 
the dephosphorylation reaction, CIP is removed by digestion with a small 
amount of proteinase K in the presence of EDTA, and the dephosphorylated 
DNA IS then purified by extraction with phenol chloroform 

1. Digest closed circular plasmid DNA (10-20 /xg) with a two- to threefold 
excess of the desired restriction enzyme for 1 hour Remove an aliquot 
(0.3 fxg), and analyze the extent of digestion by electrophoresis through a 
0 8% agarose gel, using undigested plasmid DNA as a marker If digestion 
is incomplete, add more restriction enzyme and continue the incubation 

2. When digestion is complete, extract the sample with phenol chloroform 
and precipitate the DNA with 2 volumes of ethanol for 15 minutes at 0“C 
Recover the DNA by centrifugation at 12,000!g for 10 minutes at 4°C in a 
microfuge, and redissolve it in 90 /xl of 10 mM Tris Cl (pH 8 3) Remove 
an aliquot of the DNA (200 ng) and store it at — 20'’C 

3. To the remainder of the DNA, add 10 /xl of 10 x CIP dephosphorylation 
buffer and the appropriate amount of CIP and incubate under the appro¬ 
priate conditions 


20 X CIP dephosphorylation buffer 

10 mM ZnClg 
10 mM MgClj 
100 ittM Tns • Cl (pH 8.3) 


Protruding 5' Blunt or recessed 

___ termini _ termin i 

Amount of CIP required 1 unit/100 pmoles 1 unit/2 pmoles 

Incubation conditions 30 minutes at 37°C 15 minutes at 37°C 

Then add another 
aliquot of CIP and 
continue incubation 
for a further 45 
minutes at 55°C 

2 /ig of a linearized plasmid DNA 5 kb in length contains approximately 1 4 pmoles of 
5'-terminal phosphate residues (see Appendix C) 

4. At the end of the incubation period, add SDS and EDTA (pH 8.0) to final 
concentrations of 0.5% and 5 mM, respectively Mix well, and add 
proteinase K to a final concentration of 100 /xg/ml. Incubate for 30 
minutes at 56°C. 
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Proteinase K is used to digest the CIP, which must be completely removed if the 
subsequent ligations are to work efficiently An alternative method is to inactivate 
the CIP by heating to 65®C for 1 hour (or 75°C for 10 minutes) m the presence of 5 mM 
EDTA (pH 8 0), and then to punfy the dephosphorylated DNA by extraction with 
phenol chloroform 

5. Cool the reaction to room temperature, and extract once with phenol and 
once with phenol.chloroform Add 0 1 volume of 3 M sodium acetate (pH 
7 0) Mix well, and add 2 volumes of ethanol. Mix well, and store at 0°C 
for 15 minutes. Recover the DNA by centrifugation at 12,000g for 10 
minutes at 4'’C in a microfuge Wash the pellet with 70% ethanol at 4°C 
and recentnfuge. Redissolve the precipitated DNA in TE (pH 7 6) at a 
concentration of 100 pig/ml. Store m aliquots at -20°C 

Notes 

I The pH of the 3 M sodium acetate solution is 7.0 rather than the usual 
5 2 At acid pH, EDTA precipitates from solution if its concentration 
exceeds 5-10 mm 

II Until recently, CIP was supplied as a suspension in a slurry of am¬ 
monium sulfate However, it may now be obtained as a stabilized 
solution (in 30 mM triethanolamine buffer [pH 7.6], 3 mM NaCl, 1 iriM 
MgCl 2 , 0.1 niM ZnClg) It should be stored undiluted in this buffer (not 
frozen) 

ill. To remove 5' phosphates from RNA, use 0 01 unit of CIP per picomole of 
5' termini Incubate for 15 minutes at 37°C, followed by 30 imnutes at 
55“C 
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Test Ligatiowis and Traw$sformatiens 

The best way to assay whether dephosphorylation has been successful is to 
set up a series of test ligations and transformations as follows 

1. Set up the following test ligations' 

Ligation A. 200 ng of dephosphorylated plasmid DNA 

Ligation B: 200 ng of dephosphorylated plasmid DNA plus 200 ng of a 
foreign DNA fragment carrying compatible phosphorylated 
termini 

Ligation C: 200 ng of linearized plasmid DNA that has not been treated 
with CIP (the aliquot set aside in step 2, page 1 60) 

2. To each test ligation, add' 

10 X ligation buffer 1 ju.! 

10 HIM ATP 1 jitl 

HgO to 10 ixl 

10 x Ligation buffer 

0.5MTris'Cl(pH7.6) 

100 mM MgClg 
100 mM dithiothreitol 

500 ju,g/ml bovine serum albunun (Fraction V; Sigma) (optional) 


3. Add 0 5 Weiss unit of bacteriophage T4 DNA ligase to each test ligation 
Incubate the reactions for 4-8 hours at 16°C (For definition of Weiss unit, 
see page 1 68 ) 

4. Transform competent E coli with 0 0, 0.01, 0 1, and 1 p.1 of each of the 
ligation reactions (see page 1 77 or 1 82) As a positive control, transform 
E coll with a standard solution containing a known amount of a closed 
circular plasmid (e g., 10 pg of pUCl8 or pUC19) Plate 1,10, and 50 jA of 
each of the transformation reactions on plates containing the appropriate 
antibiotic After incubation overnight at 37°C, count the number of 
colonies on each plate. Dephosphorylation should reduce the transforma¬ 
tion efficiency of linear plasmid DNA by a factor of at least 50 (ligation A 
vs. ligation C). Ligation of foreign DNA (ligation B) to dephosphorylated 
linear plasmid DNA should increase the transformation frequency by a 
factor of at least 5 (ligation B vs ligation C). 

It IS essential to include two controls in every transformation experiment 

• A mock transformation reaction that receives no DNA at all 

• A transformation reaction that receives a known amount of a standard preparation 
of closed circular plasmid DNA 

Most of the time, transformations work well and the controls then appear to be 
superfluous. However, the controls come into their own on the occasions when things 
go wrong For example, the presence of many colomes on plates that receive 
mock-transformed bacteria may indicate that the medium lacks the correct antibiotic 
A paucity of colomes on plates receiving bacteria transformed with plasmids under 
construction can only be interpreted if a positive control usmg a standard DNA has 
been included 
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LEGATION EOEACTIONS 


Setting Up Ligation JCencfions Between Botreign BNA 
and Ptaamid Vectors 

Ligation of a segment of foreign DNA to a linearized plasmid vector involves 
the formation of new bonds between phosphate residues located at the 5' 
termini of double-stranded DNA and adjacent 3'-hydroxyl moieties When 
both strands of the plasmid vector carry 5'-phosphate residues, four new 
phosphodiester bonds are generated However, when the plasmid DNA has 
been dephosphorylated, only two new phosphodiester bonds can be formed. 
In this case, the resulting hybrid molecules carry two single-strand nicks (see 
Figure 1 8) that are repaired after the hybrids have been introduced into 
competent bacteria. 

The formation of phosphodiester bonds between adjacent 5'-phosphate and 
3'-hydroxyl residues can be catalyzed in vitro by two different DNA ligases— 
E coll DNA ligase and bacteriophage T4 DNA ligase. For virtually all 
cloning purposes, bacteriophage T4 DNA ligase is the enzjnne of choice 
because it will join blunt-ended DNA fragments efficiently imder normal 
reaction conditions. 

Ligation of one end of DNA to another can be regarded as a bimolecular 
reaction whose velocity under standard conditions is determined solely by the 
concentration of compatible DNA termini This is true no matter whether the 
termini are located on the same molecule of DNA (intramolecular ligation) or 
on different molecules (intermolecular ligation). Consider the simple case of 
a ligation mixture that contains only one species of DNA—a phosphorylated 
vector DNA prepared by cleavage of a plasmid with a single restriction 
enzyme that generates cohesive termini In the first and rate-limiting stage 
of the reaction, two of these termini must pair to form a substrate on which 
the ligase can subsequently act If the concentration of DNA in the reaction 
IS low, the chances are good that these two termini will belong to the same 
molecule of DNA (because a terminus on one end of a DNA molecule has a 
higher probability of finding the terminus on the other end than of finding a 
terminus on a different DNA molecule). Thus, at low concentrations of DNA, 
recirculanzation of the plasmid DNA will occur with high efficiency If the 
concentration of DNA in the ligation reaction is increased, a given end of 
DNA IS more likely to encounter a terminus located on another molecule 
before intramolecular ligation occurs. At high DNA concentrations, therefore, 
the initial products of ligation will be dimers and larger oligomers of the 
plasmid 

A theoretical discussion of the effects of DNA concentration on the nature 
of ligation products is presented by Dugaiczyk et al. (1975; see also Bethesda 
Res Lab Focus vol 2, nos. 2 and 3) In brief, the ratio of cyclized to 
concatemenc ligation products depends on two parameters j and i. j is the 
effective concentration of one end of a DNA molecule in the neighborhood 
of the other end of the same molecule The value given to j is based on 
the assumption that DNA m solution behaves as a random coil. 'Thus, 
J is inversely proportional to the length of the DNA molecule (as the DNA 
gets larger, the ends are less likely to interact), j is therefore a constant 
for a DNA molecule of a given length and is independent of DNA concen¬ 
tration: 
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where I is the length of DNA in centimeters and b is the length of a randomly 
coiled segment of DNA The value of b is dependent on the ionic strength of 
the buffer, which affects the rigidity of the DNA 

i IS a measure of all complementary termini m the solution. For double- 
stranded DNA with self-complementary cohesive termini, 

1 = 2 N^Af X 10“® ends/ml 

where N^ is Avogadro’s number and M is the molar concentration of the DNA 

Theoretically, when j =i, the end of a given DNA molecule is equally likely 
to make contact either with the other end of the same molecule or the end of 
a different molecule Thus, under these conditions, both circles and con- 
catemers should be generated at equal rates during the initial stages of the 
reaction. When j>i, recircularization is favored, and when i >j, concate- 
mers are favored Figure 1.9 shows the relationship between the size of a 
segment of DNA and the concentration required m a ligation mixture to 
achieve j\i ratios of 0.5, 1, 2, and 5 (Dugaiczyk et al 1975) 

Consider now a ligation mixture that contains, in addition to the linear 
plasmid, a fragment of foreign DNA with compatible termini The efficiency 
with which a given ligation mixture produces monomeric circular recombi¬ 
nant genomes is affected not only by the absolute concentration of termini in 
the reaction, but also by the relative concentrations of the termini of the 
plasmid and foreign DNAs The maximum yield of useful recombinants is 
obtained when i is two- to threefold greater than j (i e , when the absolute 
concentration of termini is high enough to favor intermolecular ligation but 
not so high as to cause extensive formation of oligomeric molecules) and when 
the concentration of the termini of foreign DNA is approximately twice the 
concentration of the termini of the plasmid DNA Under these circum¬ 
stances, approximately 40% of the final ligation products will consist of 
monomeric plasmidrforeign DNA chimeras Figure 110 shows the theoretical 
yield of such chimeras at the end of a ligation reaction when the ligation 
mixture contains a constant amount of linearized plasmid (j i = 3) and 
increasing amounts of foreign DNA carrying compatible termini Figure 111 
shows the theoretical yields of useful recombinants when other types of 
ligation reactions are carried out: (1) when the linearized plasmid DNA has 
been dephosphorylated; (2) when the vector has been prepared by cleavage of 
plasmid DNA with two different restriction enzymes but not further purified 
(This ligation reaction contains three different DNA species—the plasmid 
vector, the foreign DNA fragment, and the stuffer fragment of the plasmid), 
and (3) when the plasmid has been cleaved with two different restriction 
enzymes and then punfied from the stuffer fragment. 

As the concentration of foreign DNA increases, these curves nse steeply, 
pass through a maximum, and then decrease slowly In theory, these curves 
can be used to predict the exact amounts of vector and foreign DNAs that will 
yield the maximum amount of useful ligation products. In practice, however, 
it is often not possible to know the exact concentration of each DNA species in 
a hgation reaction. Often, these DNAs have been purified by gel elec- 
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FIGURE 1.9 

The relationship between the size of DNA and its concentration at four different j i 
ratios The figure (modified from Dugaiczyk et al 1975) shows graphs of the 
equation 



FIGURE 1.10 

The efficiency with which monomeric circular chimeras eire generated when a fixed 
amount of linearized phosphorylated plasmid DNA with cohesive termini is ligated to 
increasing quantities of a segment of foreign DNA that carries compatible termmi 
This figure was provided by C Brewer (University of Texas Southwestern Medical 
Center). 
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trophoresis and are present in such small quantities that only rough esti¬ 
mates of their concentrations are available. Furthermore, it is likely that 
some of the DNA termini have been damaged during preparation On those 
rare occasions when it is essential to obtain the maximum yield of useful 
recombinants (e g., when constructing a cDNA library), it is therefore advis¬ 
able to carry out a series of pilot reactions to determine the optimal concen¬ 
trations and ratio of vector DNA.foreign DNA. For most routine cloning 
purposes, this is unnecessary The curves in Figures 1 9, 1.10, and 111 show 
that reasonable numbers of useful recombinants will be obtained when the 
ratio of plasmid DNA-foreign DNA «1 
In summary, ligation reactions involving linearized phosphorylated plas¬ 
mid DNA with cohesive termini should contain 

• Sufficient vector DNA to achieve aj'i ratio of > 1 and < 3 For a plasmid 
the size of pUClS, this means that the ligation reaction should contain 
between 20 /xg and 60 /xg of vector DNA per milliliter 

• An equal or slightly greater concentration of termini of foreign DNA than of 
vector DNA. If the concentration of foreign DNA is substantially lower 
than that of the vector, the number of useful ligation products will be very 
low (see Figures 1.10 and 1.11) and it may be difficult to identify the small 



FIGVttE 1.11 

The efficiency with which monomeric circular chimeras are generated when a fixed 
amount of vector DNA is ligated to mcreasmg quantities of a segment of foreign DNA 
that carries compatible termini 

(•) Vector cleaved with two different restriction enzymes, stuffer fragment re¬ 
moved by gel electrophoresis (O) Vector cleaved with two different restriction 
enzymes; stiver fragment not removed (■) Vector cleaved with one restriction 
enz;^e and dephosphorylated. (A) Vector cleaved with one restnction enzyme a nd 
not dephosphorylated. 

Tffis figure was provided by C Brewer (University of Texas Southwestern Medical 
Ceiiter). 
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proportion of transformed bacterial colonies that carry recombinant plas¬ 
mids. In this case, it is advisable to consider taking steps to reduce the 
background of colonies carrying nonrecombinant plasmids either by treat¬ 
ing the linearized plasmid DNA with phosphatase or by adopting another 
cloning strategy so that the recombinant plasmid can be constructed by 
directional cloning. 
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Ligation of Cohesive Termini 

1 . Digest the plasmid and foreign DNAs with the appropriate restriction ' 
enzymes If necessary, isolate the desired fragments by gel elec¬ 
trophoresis and/or treat the plasmid DNA with phosphatase Purify the 
DNAs by extraction with phenohchloroform and ethanol precipitation 
Redissolve the DNAs in TE (pH 7 6) at a concentration of 100 /ag/ml 

2. Set up the ligation mixtures as follows' 

a. Transfer 0 1 /Ag of the vector DNA to a sterile microfuge tube Add an 
equimolar amount of foreign DNA 

b Add HgO to 7 5 ju.1, and warm the solution to 45°C for 5 minutes to melt 
any cohesive termini that have reannealed Chill the mixture to 0°C 

c Add 

10 X bacteriophage T4 DNA ligase buffer 1 ^tl 

bacteriophage T4 DNA ligase 0 1 Weiss unit 

5 mM ATP 1 fxl 

Incubate the reactions for 1-4 hours at 16“C 


10 X Bacteriophage T4 DNA ligase buffer 

200 HIM Tris • Cl (pH 7.6) 

50 mM MgClj 
50 mM dithiothreitol 

500 yttg/ml bovine serum albumin (Fraction V; Sigma) (optional) 
This buffer should be stored in small aliquots at -20°C 


Set up two additional control reactions that contain (1) the plasmid 
vector alone and (2) the fragment of foreign DNA 

If insufficient foreign DNA is available, use 50-100 ng of the plasmid DNA per 
ligation and add as much foreign DNA as possible without increasing the volume of 
the ligation reaction to greater than 10 /xl 

At least three different assays are used to measure the activity of bacteriophage T4 
DNA ligase Most manufacturers (apart from New England Biolabs) now calibrate the 
enz 3 Tne in Weiss units (Weiss et al 1968) One Weiss unit is the amount of enz 5 nne 
that catalyzes the exchange of 1 nmole of from pyrophosphate into (y.^-'^PlATP 
in 20 minutes at 37°C One Weiss unit corresponds to 0 2 unit as determined in the 
exonuclease resistance assay (Modrich and Lehman 1970) and to 60 cohesive-end 
units as defined by New England Biolabs 0 015 Weiss unit of bacteriophage T4 DNA 
ligase therefore will ligate 50% of the HmdIII fragments of bacteriophage A (5 fig) in 
30 minutes at 16°C Throughout this manual, bacteriophage T4 DNA ligase is given 
in Weiss umts. 

Bacteriophage T4 DNA ligase is supplied in concentrated solution (1-5 units//Al) 
This should be diluted and stored at a concentration of 100 units/ml m 20 mM Tns Cl 
(pH 7 6), 60 mM KCl, 5 mM dithiothreitol, 500 p,g/ml bovme serum albumin, 50% 
glycerol Bacteriophage T4 DNA ligase is stable at this concentration in this buffer 
for 3 months at -20°C 
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3. Use 1-2 fil of each of the ligation reactions to transform competent E coli 
as described on pages 1.77-1 81 or 1.82-1.84. 
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Ligation of Btunt-endod DNA 

Bacteriophage T4 DNA ligase, unlike E. cob DNA ligase, can catalyze the 
ligation of blunt-ended fragments of DNA (Sgaramella and Khorana 1972, 
Sgaramella and Ehrlich 1978). Since DNA can easily be rendered blunt- 
ended, this IS an extremely useful property because it allows any DNA 
molecule to be ligated to any other However, ligation of blunt-ended termini 
IS a comparatively inefficient reaction and requires four conditions 

• Low concentrations (0 5 mM) of ATP (Ferretti and Sgaramella 1981) 

• The absence of polyamines such as spermidine 

• Very high concentrations of ligase (50 Weiss units/ml) 

• High concentrations of blunt-ended termini 


CONDENSING AGENTS 

The problem of attaining adequate concentrations of blunt-ended DNA can be 
avoided by including in the reaction mixture substances that increase mac- 
romolecular crowding and cause DNA molecules to condense into aggregates, 
for example, polyethylene glycol (Pheiffer and Zimmerman 1983, Zimmerman 
and Pheiffer 1983, Zimmerman and Harrison 1985) or hexamminecobalt 
chloride (Rusche and Howard-Flanders 1985) These substances have two 
effects on ligation reactions. 

1. They accelerate the rate of ligation of blunt-ended DNA by 1 to 3 orders of 
magnitude This increase allows ligation reactions to be formed at low 
enzyme and DNA concentrations 

2. They alter the distribution of ligation products Intramolecular ligation is 
suppressed, and the ligation products are created exclusively by inter- 
molecular joining events Thus, even at concentrations of DNA that favor 
circularization {j :i = 10), all the DNA products are linear multimers 

The following information may be useful when setting up ligation reactions 
that contain condensing agents 

Polyethylene glycol (PEG 8000) 

• Stock solutions (40%) of PEG 8000 made in deionized water may be stored 
frozen in small aliquots, but they should be thawed and warmed to room 
temperature before being added to the ligation mixture Maximal stimula¬ 
tion IS observed in ligation mixtures containing 15% PEG 8000 Prepare 
reaction mixtures at 0°C by mixing all components except the PEG 8000 
and the bacteriophage T4 DNA ligase Then add an appropriate volume of 
PEG 8000 (at room temperature) and mix Add the enzyme and incubate 
the reaction at 20°C. 

• Maximum stimulation of ligation is observed when the ligation mixture 
contains 0.5 him ATP and 5 him MgClg. Even a modest increase in the 
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concentration of ATP or decrease in the concentration of MgClg greatly 
reduces the degree of stimulation (Pheiffer and Zimmerman 1983). 

• PEG 8000 at a concentration of 15% stimulates ligation of DNA molecules 
carrying cohesive termini by a factor of 10—100. The major products of the 
reaction are tandem concatemers. 

• PEG 8000 stimulates blunt-end ligation of synthetic oligomers as short as 8 
nucleotides in length. In this respect, it differs from hexamminecobalt 
chloride 

Hexamminecobalt chloride 

• Hexamminecobalt chlonde is stored as a 10 niM stock solution in water at 
-20°C Stimulation of ligation by hexamminecobalt chlonde is highly 
concentration-dependent and is maximal in ligation mixtures containing 
the salt at a concentration of 1.0-1 5 ju-m Hexammmecobalt chlonde 
increases the efficiency of blunt-end ligation about 50-fold, whereas ligation 
of cohesive termini is increased only 5-fold (Rusche and Howard-Flanders 
1985) 

• In the presence of monovalent cations (30 him KCl), some stimulation of 
blunt-end ligation still occurs, but the distribution of ligation products 
changes Instead of ligation products that are derived exclusively from 
intermolecular reactions, circular DNA molecules now predominate. 

• Unlike PEG 8000, hexammmecobalt chloride does not significantly increase 
the rate of ligation of S 3 mthetic oligonucleotides 
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Rt^id Cloning in Plasmid Vectors 

The slowest step m cloning in plasmids is the electrophoretic purification of 
the desired restriction fragment of foreign DNA and the appropriate segment 
of plasmid DNA. In the protocol given below (adapted from Struhl 1985 by S 
Michaelis, pers comm.), ligation of plasmid and foreign DNAs is carried out 
directly in the melted slabs of agarose recovered from the gel used for 
purification. The method works for both blunt-end ligation and ligation of 
cohesive termini, although it requires a large amount of ligase and its 
efficiency is about an order of magnitude lower than the standard procedure 

1. Digest the foreign DNA with the appropriate restriction enzyme(s) The 
amount of foreign DNA digested should be sufficient to yield approxi¬ 
mately 0 2 pg of the target fragment The digestion should be earned out 
in a volume of 20 ju.1 or less In a separate tube, digest 0 5 pg of the 
vector DNA with the appropriate restriction enzyme(s) in a total reaction 
volume of 20 pi or less 

If the vector DNA carnes identical cohebive termini, it should be tieated with 
phosphatase as follows When digestion with the restriction enzymels) is complete, 
add 2 5 pi of 100 mM Tns Cl (pH 8 3), 10 mM ZnCl^ Add 0 25 unit of calf intestinal 
alkaline phosphatase and incubate for 30 minutes at 37‘’C 

2. Separate the desired fragments by electrophoresis on an agarose gel 
The gel must be cast with low-melting-temperature agarose and it must 
be poured and run mix TAE electrophoresis buffer (see Chapter 6, 
page 6 7) containing ethidium bromide (0 5 p,g/ml) rather than the 
conventional 0 5 x TBE 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described on pages 1 49-1 50 

3. Examine the gel by long-wavelength ultraviolet illumination From the 
relative fluorescent intensities of the desired bands, estimate the 
amounts of DNA that they contain (see Appendix E) Using a razor 
blade, cut out the desired bands in the smallest possible volume of 
agarose (usually 40-50 pi) Place the excised slices of gel in separate, 
labeled microfuge tubes 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes To 
minimize exposure, make sure that the ultraviolet light source is 
adequately shielded and wear protective goggles or a full safety mask 
that efficiently blocks ultraviolet light. 

4. Heat the tubes to 70°C for 10-15 minutes to melt the agarose 

5. Combine aliquots of the melted gel slices in a fresh tube prewarmed to 
37°C The final volume of the combined aliquots should be 10 pi or less, 
and the molar ratio of foreign DNAiplasnud vector should be approxi¬ 
mately 2:1. 

In separate tubes, set up two additional ligations as controls, one 
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containing the plasmid vector alone and the other containing only the 
fragment of foreign DNA 

6. Incubate the three tubes for 5-10 minutes at 37°C, and then add to each 
tube 10 /U.1 of ice-cold 2x bacteriophage T4 DNA ligase mixture. Mix the 
contents of the tubes well before the agarose hardens Incubate the 
reactions for 12-16 hours at IB^C. 

2x Bacteriophage T4 DNA ligase mixture is prepared as follows: 


1 M Tris Cl (pH 7 6) 1.0 jitl 

100 mM MgClg 1.0 fjil 

200 mM dithiothreitol 1 0 )U,1 

10 mM ATP 1.0 fi\ 

H 2 O 5 5 /i-1 


bacteriophage T4 DNA ligase 1 Weiss unit 
Mix the components in a tube stored in an ice bath. 

For definition of Weiss unit, see page 1 68 

7. Towards the end of the ligation, remove from storage at — 70°C three 
tubes containing 200 ju,l of frozen competent E coli each (see page 1.80) 
As soon as the cells have thawed, place them in an ice bath Immediately 
proceed to step 8. 

8. Remelt the agarose in the ligation mixtures by heating them to 70°C for 
10-15 minutes 

9. Immediately add 5 fjd of one of the ligation mixtures to 200 fil of 
competent E coli Mix the contents of the tube quickly by gentle 
shaking Repeat this procedure with 5 /x.1 taken from each of the 
remaining ligation mixtures Store the transformation mixtures on ice 
for 30 minutes. 

10. Proceed with the remainder of the transformation protocol (step 13, page 
180) 
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Preparation anjd Transformation 
of Competent E. coli 


Most methods for bacterial transformation are based on the observations of 
Mandel and Higa (1970), who showed that bacteria treated with ice-cold 
solutions of CaClj and then briefly heated could be transfected with bac¬ 
teriophage A DNA The same method was subsequently used to transform 
bacteria with plasmid DNA (Cohen et al. 1972) and E coli chromosomal DNA 
(Oishi and Cosloy 1972) Apparently, the treatment induces a transient state 
of “competence” in the recipient bacteria, during which they are able to take 
up DNAs derived from a variety of sources Many variations of this basic 
technique have since been described, all directed toward optimizing the 
efficiency of transformation of different bacterial strains by plasmids Bac¬ 
teria treated according to the original protocol of Mandel and Higa yield 
10^-10® transformed colonies/ju,g of supercoiled plasmid DNA This efficiency 
can be increased 100- to 1000-fold by exposing improved strains of E coli 
(Kushner 1978; Norgard et al 1978; Hanahan 1983) to combinations of 
divalent cations (Kushner 1978) for longer periods of time (Dagert and 
Ehrlich 1979) and treating the bacteria with DMSO (Kushner 1978), reduc¬ 
ing agents, and hexamminecobalt chloride (Hanahan 1983) How these 
agents act is unknown, as is the mechanism by which plasmid DNA enters 
competent E coli. These improvements in transformation frequency have 
occurred solely as a consequence of empirical experimentation Nevertheless, 
because of these improvements, the efficiency of transformation has not been 
a limiting factor m molecular cloning since the late 1970s 
Today, there are two ways to obtain stocks of competent E coli The first 
option is to purchase frozen competent bacteria from a commercial source 
These products are very reliable and generally yield transformants at fre¬ 
quencies ^10^ colonies//ig of supercoiled plasmid DNA However, they are 
many times more expensive than competent cells prepared in the laboratory 
We therefore recommend that commercially produced competent cells be used 
only as a yardstick against which to measure the efficiency of transformation 
of locally generated stocks of competent cells or by investigators who carry 
out transformations so infrequently that it is not economical for them to 
expend the effort required to produce their own competent cultures 
The second option is to prepare stocks of competent bacteria locally The 
first method given below (Protocol I) works well with strains of E coli such as 
DHl, DH5, and MM294 and yields competent cultures that can be either 
used immediately or stored in small aliquots at -70°C until required If 
prepared carefully, these competent bacteria can yield up to 10® transformed 
colonies/yxg of supercoiled plasmid DNA. However, such high frequencies are 
required only rarely, for example, when constructing plasmid libraries of 
cDNAs S 3 mthesized from extremely small amounts of mRNA isolated from 
relatively inaccessible sources. In most other cases, it is possible to use 
competent bacteria, prepared by a simpler method (Protocol II), that yield 
approximately lO'^ transformed colonies//ig of supercoiled plasmid DNA. 
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TransformuUon of E. coli by High-voUage Eteetroporaiton 

(Eieetrotrattsformution) 

The method of electroporation was developed originally to introduce DNA 
into eukaryotic cells (Neumann et al 1982, Potter et al. 1984, Fromm et al 
1985, Chu et al. 1987), but it has recently been used to transform E. coli 
(Dower et al 1988; Taketo 1988) and other bacteria (Chassy and Flickmger 
1987; Harlander 1987; Somkuti and Steinberg 1987; Fiedler and Wirth 1988; 
Miller et al. 1988, Powell et al. 1988). Transformation efficiencies of 10^-10^® 
transformants/^g of DNA have been achieved by optimizing various parame¬ 
ters, including the strength of the electrical field, the length of the electrical 
pulse, and the concentration of DNA (Dower et al 1988). Higher transforma¬ 
tion efficiencies have been observed at higher voltages or longer pulses, but 
these were offset by a decrease in cell viability The highest levels of 
transformation were achieved with a combination of field strength and pulse 
length that resulted in 50-75% cell death 

Limited data are available regarding the transformation efficiencies ob¬ 
tained with different plasmid DNAs and bacterial hosts, but yields up to 10^° 
transformants/^g of DNA have been obtained with E coli strain LE392 or 
MC1061 and the plasmid pUCl8 (Dower et al. 1988) In general, the authors 
claim that the efficiency of electrotransformation is 10 to 20 times higher 
than that obtained with maximally competent cells prepared by chemical 
methods The effect of plasmid size has not yet been systematically ex¬ 
amined, but supercoiled plasmids as large as 25-130 kb have been reported 
to transform with similar molar efficiencies The efficiency of transformation 
with linear bacteriophage A DNA molecules is only 0.1% of that obtained with 
small supercoiled plasmid DNA A two- to tenfold variation in transforma¬ 
tion efficiency has been observed with transformations of different aliquots of 
the same batch of cells 

The preparation of cells for electroporation is considerably easier than 
preparing competent cells Bacteria are grown to mid-log phase, chilled, 
centrifuged, and then washed extensively with low-salt buffer to reduce the 
ionic strength of the cell suspension It is not necessary to form protoplasts. 
The cells are then resuspended in 10% glycerol at a concentration of 3 x 10^*^ 
cells/ml, frozen in dry ice, and stored at -70°C. Aliquots of the cells can then 
be thawed and used for transformation for at least six months. Electropora¬ 
tion IS carried out at low temperatures (O-4'’C), since the efficiency of 
transformation drops as much as 100-fold when earned out at room tempera¬ 
ture. Routinely, the DNA is mixed with cold cell suspension and then 
transferred to a chilled cuvette. 

Because of the relatively small size of bacterial cells, electroporation of E. 
coll requires very high field strengths compared to those required for intro¬ 
ducing DNA into eukaryotic cells Optimal conditions for bactenal trans¬ 
formation also require small volumes (20-40 /xl), so a special high-volts^e 
mim-electrode and sample holder were designed (Dower et al. 1988) This 
sample holder is available commercially from Bio-Rad, and detailed protocols 
for bacterial electroporation and a troubleshooting guide are provided by the 
manufacturer. 
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Protocol It Prcpnmtion of Fresh or Froxen Competent E. coli 

The following procedure, which was developed by Hanahan (1983), can yield 
competent cultures of E. coli strains DHl, DH5, and MM294 that can be 
transformed at frequencies ^ 5 x 10* transformed colonies per microgram of 
supercoiled plasmid DNA The maximum frequency of transformation that 
can be obtained routinely with most other strains of E coli is approximately 
five- to tenfold lower. However, this is more than adequate for virtually all 
cloning purposes A few strains of E coli (e g, MC1061) are refractory to the 
method 

Three factors appear to be critical for obtaining consistently high fre¬ 
quencies of transformation' 

• The purity of the reagents used in the transformation buffers It is im¬ 
portant to use the highest quality of reagents that can be obtained and to 
store them in small aliquots in a dark, cool place 

• The state of growth of the cells For unknown reasons, the highest fre¬ 
quencies of transformation are obtained with cultures that have been 
grown directly from a master stock stored in freezing medium at 70"C 
Cultures that have been passaged continuously m the laboratory or that 
have been stored at 4°C or at room temperature should not be used 

• The cleanliness of the glassware and plasticware Because the presence of 
trace amounts of detergent or other chemicals greatly reduces the efficiency 
of bacterial transformation, it is best to set aside a batch of glassware that 
is used for no other purpose than to prepare competent bacteria This 
glassware should be washed and rinsed by hand, filled with pure water 
(Milh-Q or equivalent), and sterilized by autoclaving The water should be 
discarded just before the glassware is used 

By working with care, it is almost always possible to obtain cultures of 
competent bacteria that yield 5 x 10^ to 1 x 10* transformed colonies per 
microgram of supercoiled plasmid DNA However, even the most experienced 
workers find it impossible to consistently generate cultures of competent 
bacteria that can be transformed at higher frequencies Because of this 
unpredictable variability, it is necessary to use a standard preparation of 
supercoiled plasmid DNA to measure the efficiency of transformation of each 
new batch of competent cells. Before preparing competent bacteria, it is 
therefore advisable to prepare a large batch of a diluted supercoiled plasmid 
DNA and store it at -70°C in many small aliquots. This standard prepa¬ 
ration should be used to measure the efficiency of transformation of each new 
batch of competent cells and to check the efficiency of transformation in every 
expenment. By including a positive control of this tjrpe, it is possible to 
determine whether the failure to obtain transformed colonies in a given 
expenment is the fault of the competent bactena or is due to differences 
between DNA preparations. Aliquots of the competent bacteria can be stored 
for several months at -70“C without any significant decrease in efficiency 
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1. Using a sterile platinum wire, streak E coli strain DHl (or DH5 or 
MM294) directly from a frozen stock (stored at -70°C in freezing 
medium; see Appendix A) onto the surface of an SOB agar plate. 
Incubate the plate for 16 hours at 37°C. 

It IS not necessary to thaw the frozen stock of bacteria Sufficient bacteria stick to 
the platinum wire when it is scratched across the surface of the frozen stock A 
single tube of frozen stock can therefore be used many times 

2. Transfer four or five well-isolated colonies into 1 ml of SOB containing 20 
lUM MgS 04 . The colonies should be 1—2 mm in diameter. Disperse the 
bacteria by vortexing at moderate speed, and then dilute the culture in 
30-100 ml of SOB containing 20 mM MgS 04 in a 1-liter flask. 

3. Grow the cells for 2.5—3 0 hours at 37°C. For efficient transformation, it is 
essential that the number of viable cells should not exceed 10® cells/ml 
To monitor the growth of the culture, determine the ODg^o every 20—30 
minutes 

Because the relationship between the ODjqo and the number of viable cells per 
milliliter vanes substantially from strain to strain, it is essential to calibrate the 
spectrophotometer by measuring the ODgog of a growing culture of the particular 
strain of E coli at different times in its growth cycle and determining the number of 
viable cells at each of these times by plating dilutions of the culture on LB agar 
plates in the absence of antibiotics 

4. Aseptically transfer the cells to sterile, disposable, ice-cold 50-ml polypro¬ 
pylene tubes (Falcon 2070). Cool the cultures to O^C by storing the tubes 
on ice for 10 minutes 

Important: All subsequent steps in this procedure should be carried 
out aseptically 

5. Recover the cells by centrifugation at 4000 rpm for 10 minutes at 4°C m a 
Sorvall GS3 rotor (or its equivalent). 

6. Decant the media from the cell pellets Stand the tubes in an invert¬ 
ed position for 1 minute to allow the last traces of media to dram away. 

7. Resuspend the pellets, by gentle vortexing, in approximately 20 ml (per 
50-ml tube) of ice-cold transformation buffer (see Table 1 3 for TFB and 
Table 1 4 for FSB) (Use TFB when preparing competent cells that are to 
be used immediately and FSB when preparing competent cells that are to 
be stored at -70°C.) Store the resuspended cells on ice for 10 mmutes. 

8. Recover the cells by centrifugation at 4000 rpm for 10 minutes at 4°C in a 
Sorvall GS3 rotor (or its equivalent). 

9. Decant the buffer from the cell pellets Stand the tubes in an invert¬ 
ed position for 1 minute to allow the last traces of buffer to drain away. 

10. Resuspend the pellets by gentle vortexing in 4 ml (per 50-ml tube) of 
ice-cold TFB or FSB 
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TABMuE 1.3 PreparuHon of 1 Liter of TFB 


Reagent Amount required/liter Final concentration 


iM MBS (pH 6.3) 10 ml 10 mM 

MnCl, 4 H 2 O 8 91g 45 mM 

CaCl 2 2 H 2 O 147g 10 mM 

KCr 7 46 g 100 mM 

Hexammmecobalt chloride 0 80 g 3 mM 


1 M MES ( 2 -[Ar-morphohno]ethanesulfonic acid, Ferguson et al 1980) is prepared 
by dissolving 19 52g of MES (Good and Izawa 1972) in 80ml of pure H.O 
(Milli“Q or equivalent) The pH of the solution is then adjusted to 6 3 with 5 m 
KOH, and pure H 2 O is then added to bring the final volume to 100 ml The 
solution IS sterilized by filtration through a disposable Nalgene filter iO 45-micron 
pore size), divided into 10 -ml aliquots, and stored frozen at ' 20 °C 
Prepare the TFB by mixing all of the components with 800 ml of pure 
Adjust the volume of the final solution to 1 liter with pure H^O Sterilize the 
solution by filtration through a disposable Nalgene filter Dispense the solution 
into 40-ml aliquots, and store the aliquots in tissue-culture flasks (Corning 25100 
or equivalent) at 4"’C The pH of the solution should be between 6 0 and 6 1 

“ Rubidium chloride (100 mM) was included m the original recipe for TFB (Hanahan 1983) 
However, KCl has proved to be equally effective and is now recommended 
^ Organic contaminants in the water used to prepare transformation buffers can reduce 
the efficiency of transformation of competent bacteria Watei obtained directly fiom a 
well-serviced Milli-Q filtration system (Milhpore) usually gives good results If pioblems 
should arise, the deionized water may be treated with activated charcoal 


TABLE 1.4 PrepuruHon of 1 Liter of FSB 


Reagent 


1 M Potassium acetate 
(pH 7 5) 

MnCl 2 4H2O 
CaCl, 2H,0 
KCl 

Hexammmecobalt chloride 
Glycerol 


Amount required/liter 


10 ml 


8 91g 
147g 
7 46g 

0 80g 
100 ml 


Final concentration 

10 mM 

45 mM 
10 mM 
100 rnM 
3 mM 
107 . 


1 M Potassium acetate is prepared by dissolving 9 82 g of potassium acetate in 
90 ml of pure HgO (Milli-Q or equivalent) The pH of the solution is then 
adjusted to 7 5 with 2 m acetic acid, and pure H 2 O is then added to bring the final 
volume to 100 ml The solution is divided into 10 -ml aliquots, which are stored at 
-20"C 

Prepare the FSB by mixing all of the components with 800 ml of pure H^O ® 
After the components are dissolved, adjust the pH of the solution to 6 4 with 0 1 n 
HCl If you overshoot, do not readjust the pH by adding base, instead, discard 
the solution and begin again Adjust the volume of the final solution to 1 liter 
with pure HgO Sterilize the solution by filtration through a disposable Nalgene 
filter (0 45-micron pore size) Dispense the solution into 40-ml aliquots and store 
the aliquots in tissue-culture flasks (Corning 25100 or equivalent) at 4°C. During 
storage, the pH of the solution will dnft down to a final value of 6 1-6 2 and will 
then stabilize 

^ Organic contaminants in the water used to prepare transformation buffers can reduce 
the efficiency of transformation of competent bacteria Water obtained directly from a 
well-serviced Milli-Q filtration system (Millipore) usually gives good results If problems 
should arise, the deionized water may be treated with activated charcoal 
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Proceed to prepare competent cells according to the procedure given in 
step 11a, for cells that are to be used immediately, or step 11b, for cells 
that are to be stored at - 70°C and used at a later date, 

a. To prepare fresh competent cells: 

I Add 140 p,l of DnD solution into the center of each suspension. 
Immediately mix the suspension by swirling gently, and then 
store it on ice for 15 minutes. 

DnD solution contains 

dithiothreitol 
DMSO 

1 M potassium acetate (pH 7 5) 

H 2 O to 10 ml 

Stenlize the DnD solution by filtration through a Millex SR 
membrane unit (Millipore), which is designed to withstand organic 
solvents Dispense 160-/il aliquots of the DnD solution into sterile 
0.5-ml microfuge tubes. Close the tubes tightly and store them at 
-20°C. 

Oxidation products of DMSO, presumably dimethyl sulfide, are inhibitors of 
transformation To avoid problems, purchase DMSO of the highest quality 
The contents of a fresh bottle should be divided into 10-ml aliquots in sterile 
tubes The tubes should be closed tightly and stored at -70°C Each aliquot 
should be used only once and discarded 

For preparation of 1 M potassium acetate (pH 7 5), see Table 1 4 

II Add an additional 140 p.1 of DnD solution to each suspension Mix 
by swirling gently, and then store the suspension on ice for a 
further 15 minutes 

III Dispense aliquots of the suspensions into chilled, sterile polsqiro- 
pylene tubes (Falcon 2059,17 mm x 100 mm) Store the tubes on 
ice For most cloning purposes, 50-p,l aliquots of the competent¬ 
cell suspension will be more than adequate However, when large 
numbers of transformed colonies are required (e.g, when con¬ 
structing cDNA libraries), larger aliquots may be needed. 

After the addition of the DNA (step 12), the competent cultures are heated 
briefly to 42°C (step 13) This is a critical step, and it is important that the 
cells be raised to exactly the right temperature at the correct rate All of the 
times and temperatures given below have been worked out using Falcon 
2059 tubes Other types of tubes will not necessarily yield equivalent 
results 

b. To prepare frozen stocks of competent cells. 

1 . Add 140 All of DMSO per 4 ml of resuspended cells Mix gently by 
swirling, and store the suspension on ice for 15 minutes 

li Add an additional 140 fjc.1 of DMSO to each suspension. Mix gently 
by swirling, and then return the suspensions to an ice bath. 


153 g 
9 ml 

100 fil 
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lii. Working quickly, dispense aliquots of the suspensions into chilled, 
sterile microfuge tubes. Immediately snap-freeze the competent 
cells by immersing the tightly closed tubes in liquid nitrogen 
Store the tubes at - 70*^0 until needed For most cloning purposes, 
50 - 1 x 1 aliquots of the competent-cell suspension will be more than 
adequate However, when large numbers of transformed colonies 
are required (e.g, when constructing cDNA libraries), larger 
aliquots may be needed 

iv. When needed, remove a tube of competent cells from the ~70°C 
freezer Thaw the cells by holding the tube in the palm of your 
hand. Just as the cells thaw, transfer the tube to an ice bath 
Store the cells on ice for 10 minutes 

V Using a chilled, sterile pipette tip, transfer the competent cells to 
chilled, sterile polypropylene tubes (Falcon 2059, 17 mm x 100 
mm) Store the cells on ice 

After the addition of the DNA (step 12), the competent cultures are heated 
briefly to 42°C (step 13) This is a critical step, and it is important that the 
cells be raised to exactly the right temperature at the correct rate All of the 
times and temperatures given below have been worked out using Falcon 
2059 tubes Other types of tubes will not necessarily yield equivalent 
results 

12. Add the DNA to the competent cells, and swirl the tubes gently several 
times to mix their contents Store the tubes on ice for 30 minutes 

For optimal results, the volume of the DNA solution should not exceed 5% of the 
volume of the competent cells The number of transformants increases in proportion 
to the amount of DNA added until the system becomes saturated Although there is 
some variation from one batch of competent cells to the next, 50-/xl aliquots of 
competent cells are usually saturated by approximately 1 ng of supercoilod plasmid 
DNA Although more DNA can be added without affecting the total yield of 
transformants, the efficiency of the system (measured m transfoimants per mi- 
crogram of DNA) is reduced when excess DNA is used This becomes important 
when the transforming DNA is in short supply (e g , cDNA synthesized from mRNA 
extracted from relatively inaccessible sources) To obtain the maximum number of 
transformed colonies, divide the available DNA among several aliquots of competent 
cells so that the system never becomes saturated 

Be sure to include the following controls in your experiment 

• Competent bacteria that receive a known amount of the standard preparation of 
supercoiled plasmid DNA 

• Competent bacteria that receive no plasmid DNA at all 

13. Transfer the tubes to a rack placed in a circulating water bath that has 
been preheated to 42°C Leave the tubes in the rack for exactly 90 
seconds Do not shake the tubes 

14. Rapidly transfer the tubes to an ice bath Allow the cells to chill for 1-2 
minutes. 

15. Add 800 /xl of SOC medium (see Appendix A) to each tube. Warm the 
cultures to 37®C in a water bath, and then transfer the tubes to a shaking 
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incubator set at 37°C. Incubate the cultures for 45 minutes to allow the 
bacteria to recover and to express the antibiotic resistance marker 
encoded by the plasmid. To maximize the efficiency of transformation, 
the cells should be gently agitated (225 cycles/minute or less) during the 
recovery period. 

16, Transfer the appropriate volume (up to 200 ^tl per 90-mm plate) of 
transformed competent cells onto agar SOB medium containing 20 him 
MgS 04 and the appropriate antibiotic. Add additional broth if small 
volumes of culture (<10 /xl) are transferred Using a sterile bent glass 
rod, gently spread the transformed cells over the surface of the agar 
plate 

If more than 200 ijlI of transformed competent cells are to be plated on a single 
90-mm plate, the cells should be concentrated by centrifugation (4000 rpm for 10 
minutes at room temperature in a Sorvall SS34 rotor or its equivalent) and gently 
resuspended in an appropriate volume of SOC 

The entire transformation mixture may be spread on a single plate (or plated in top 
agar) if resistance to tetracycline is used as the selectable marker However, if 
resistance to ampicillin is selected, only a portion of the culture (empirically 
determined) should be spread on a single plate The number of ampicillin-resistant 
colonies does not increase in linear proportion to the number of cells applied to the 
plate, perhaps because of growth-inhibiting substances released from the cells killed 
by the antibiotic 

17, Leave the plates at room temperature until the liquid has been absorbed. 

18* Invert the plates and incubate at 37°C Colonies should appear m 12-16 
hours 

When selecting for resistance to ampicillm, transformed cells should be plated at low 
density (<10^ colonies per 90-mm plate) and the plates should not be incubated for 
more than 20 hours at 37°C jS-Lactamase, secreted into the medium from am- 
picillin-resistant transformants, rapidly inactivates the antibiotic in regions sur¬ 
rounding the colonies Thus, plating cells at high density or incubating them for 
long periods results in the appearance of ampicilhn-sensitive satellite colonies This 
problem is ameliorated, but not completely eliminated, by using carbenicillm rather 
than ampicillm in selective media and increasing the concentration of antibiotic from 
60 fjLg/ml to 100 iJLg/m\ 


Note 

Both Protocol I and Protocol II have been optimized for particular strains of 
E, coli; equivalent efficiencies of transformation may not be achieved with 
other strains 
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Protocol Us Fresh Competent E. coli Prepared Using CaleUun Chtoride 

The following simple procedure is a variation of that of Cohen et al (1972) 
and IS frequently used to prepare batches of competent bacteria that yield 
5 X 10® to 2 X lO’ transformed colonies per microgram of supercoiled plasmid 
DNA This efficiency of transformation is high enough to allow all routine 
cloning m plasmids to be performed with ease The procedure, which works 
well with most strains of E coli, is quick and is more reproducible than 
Protocol I. Competent cells made by this procedure may be preserved at 
-70°C, although there may be some deterioration in the efficiency of trans¬ 
formation during prolonged storage 

1. Pick a smgle colony (2-3 mm in diameter) from a plate freshly grown for 
16—20 hours at 37‘’C and transfer it into 100 ml of LB broth or SOB 
medium in a 1-liter flask. Incubate the culture for ~3 hours at 37°C 
with vigorous shaking (300 cycles/minute in a rotary shaker) For 
efficient transformation, it is essential that the number of viable cells 
should not exceed 10® cells/ml To monitor the growth of the culture, 
determine the ODggo every 20-30 minutes 

Because the relationship between the ODgog and the number of viable cells per 
milliliter vanes substantially from strain to strain, it is essential to calibrate the 
spectrophotometer by measunng the OD^oo of a growing culture of the particular 
strain of E coli at different times in its growth cycle and determining the number of 
viable cells at each of these times by plating dilutions of the culture on LB agar 
plates in the absence of antibiotics 

2. Aseptically transfer the cells to sterile, disposable, ice-cold 50-ml polypro¬ 
pylene tubes (Falcon 2070) Cool the cultures to 0“C by storing the tubes 
on ice for 10 minutes 

Important: All subsequent steps in this procedure should be carried 
out aseptically. 

3. Recover the cells by centrifugation at 4000 rpm for 10 minutes at 4“C in a 
Sorvall GS3 rotor (or its equivalent) 

4. Decant the media from the cell pellets Stand the tubes in an inverted po¬ 
sition for 1 minute to allow the last traces of media to dram away 

6. Resuspend each pellet in 10 ml of ice-cold 0 1 m CaClg and store on ice 

We find it convenient to store a 1 M stock solution of CaClg (made in pure water 
[Milli-Q or equivalent]) in 10-ml aliquots at -20°C When preparing competent 
cells, thaw an aliquot and dilute it to 100 ml with pure water Sterilize the solution 
by filtration through a Nalgene filter (0 45-micron pore size), and then chill it to 0°C 

For most strains of E coli (except for MC1061), TFB (see Table 1 3) may be used at 
this stage instead of CaClj with equivalent or better results 

• 

6. Recover the cells by centrifugation at 4000 rpm for 10 minutes at 4°C in a 
Sorvall GS3 rotor (or its equivalent). 

7. Decant the flmd from the cell pellets, and stand the tubes in an inverted 
position for 1 mmute to allow the last traces of fluid to drain away. 
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8. Resuspend each pellet in 2 ml of ice-cold 0 1 m CaClg (or TFB, see Table 
1 3 and notes to step 5) for each 50 ml of original culture. 

At this point, the cells can be dispensed into aliquots that can be frozen at ~70®C (for 
instructions, see step 11b, in, on page 1 80) The cells maintain competency imder 
these conditions, although the transformation efficiency may drop slightly during 
prolonged storage 

Dagert and Ehrlich (1979) have shown that cells may be stored at 4°C in CaClg 
solution for 24-48 hours The efficiency of transformation increases four- to sixfold 
during the first 12-24 hours of storage and then decreases to the original level 

9. Using a chilled, sterile pipette tip, transfer 200 /A of each suspension of 
competent cells to a sterile microfuge tube Add DNA (no more than 50 
ng in a volume of 10 fjl or less) to each tube. Mix the contents of the 
tubes by swirling gently Store the tubes on ice for 30 minutes 

Be sure to include the following controls in your experiment 

• Competent bacteria that receive a known amount of the standard preparation of 
supercoiled plasmid DNA 

• Competent bacteria that receive no plasmid DNA at all 

10. Transfer the tubes to a rack placed m a circulating water bath that has 
been preheated to 42'"C Leave the tubes m the rack for exactly 90 
seconds. Do not shake the tubes 

11. Rapidly transfer the tubes to an ice bath. Allow the cells to chill for 1—2 
minutes 

12. Add 800 fil of SOC medium (see Appendix A) to each tube Incubate the 
cultures for 45 minutes in a water bath set at ST'C to allow the bacteria 
to recover and to express the antibiotic resistance marker encoded by the 
plasmid 

If higher transformation efficiency is required, agitate the cells gently (225 cycles/ 
minute or less in a rotary shaker) at 37°C during the recovery period 

13. Transfer the appropriate volume (up to 200 ^cl per 90-mm plate) of 
transformed competent cells onto agar SOB medium containing 20 mM 
MgS 04 and the appropriate antibiotic Add additional broth if small 
volumes of culture (<10 fA) are transferred. Using a sterile bent glass 
rod, gently spread the transformed cells over the surface of the agar 
plate. 

If more than 200 A of transformed competent cells are to be plated on a single 
90-mm plate, the cells should be concentrated by centrifugation and gently re¬ 
suspended in an appropriate volume of SOC 

The entire transformation mixture may be spread on a single plate (or plated in top 
agar) if resistance to tetracycline is used as the selectable marker However, if 
resistance to ampicillm is selected, only a portion of the culture (empirically 
determined) should be spread on a single plate The number of ampicillin-resistant 
colonies does not increase in linear proportion to the number of cells applied to the 
plate, perhaps because of growth-inhibiting substances released from the cells killed 
by the antibiotic 
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14, Leave the plates at room temperature until the liquid has been absorbed 

15, Invert the plates and incubate at 37°C Colonies should appear m 12-16 
hours. 

When selecting for resistance to ampicillin, transformed cells should be plated at low 
density (<10^ colonies per 90-mm plate) and the plates should not be incubated for 
more than 20 hours at 3TC j8-Lactamase, secreted into the medium from am- 
picillin-resistant transformants, rapidly inactivates the antibiotic in regions sur¬ 
rounding the colonies Thus, plating cells at high density or incubating them for 
long periods results in the appearance of ampicillin-sensitive satellite colonies This 
problem is ameliorated, but not completely eliminated, by using carbenicillin rather 
than ampicillm in selective media and increasing the concentration of antibiotic from 
60 /xg/ml to 100 


Note 

Both Protocol I and Protocol II have been optimized for particular strains of 
E coll, equivalent efficiencies of transformation may not be achieved with 
other strains 
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Identification of Bactenriat Colonies That Contain 
Recomhtnant Ptasmids 


There are four methods that are commonly used to identify bacterial colonies 
that contain recombinant plasmids- 

• Restriction analysis of small-scale prepgirations of plasmid DNA 

• a-Complementation 

• Insertional inactivation 

• Screening by hybridization 

RESTRICTION ANALYSIS OF SMALL-SCALE PREPARATIONS OF 
PLASMID DNA 

In this method, a number of independently transformed bacterial colonies are 
picked and grown in small-scale cultures Plasmid DNAs, isolated from each 
culture by one of the methods described earlier in this chapter, are then 
analyzed by digestion with restriction enzjnnes and gel electrophoresis This 
procedure, although laborious, is the method of choice when there is a high 
chance of finding the desired recombinant within a small number of randomly 
chosen transformed colonies, for example, when ligation of the vector to the 
segment of foreign DNA yields a significantly higher number of transformed 
colonies than either of the control ligations (vector alone and foreign fragment 
alone) With practice, it is possible to extract and analyze 36 miniprepara- 
tions of plasmid DNA m 2—3 hours. 

a-COMPLEMENTATION 

Many of the vectors m current use (e g, the pUC series) carry a short 
segment of E coll DNA that contains the regulatory sequences and the 
coding information for the first 146 ammo acids of the /3-galactosidase gene 
(lacZ) Embedded in this coding region is a polycloning site that does not 
disrupt the reading frame but results in the harmless interpolation of a small 
number of amino acids into the amino-terminal fragment of /3-galactosidase. 
Vectors of this type are used in host cells that code for the carboxy-terminal 
portion of /3-galactosidase Although neither the host-encoded nor the 
plasmid-encoded fragments are themselves active, they can associate to form 
an enzymatically active protein. This type of complementation, in which 
deletion mutants of the operator-proximal segment of the lacZ gene are 
complemented by /8-galactosidase-negative mutants that have the operator- 
proximal region mtact, is called a-complementation (Ullmann et ah 1967). 
The Lac^ bacteria that result from a-complementation are easily recognized 
because they form blue colonies m the presence of the chromogenic substrate 
5-bromo-4-chloro-3-mdolyl-^-D-galactoside (X-gal) (Horwitz et al, 1964). 
However, insertion of a fragment of foreign DNA into the polycloning site of 
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the plasmid almost invariably results in production of an amino-terminal 
fragment that is not capable of a-complementation Bacteria carrying 
recombinant plasmids therefore form white colonies. The development of this 
simple color test has greatly simplified the identification of recombinants 
constructed in plasmid vectors of this type It is easily possible to screen 
many thousands of colonies visually and to recognize colonies that carry 
putative recombinant plasmids The structure of these plasmids is then 
verified by restriction analysis of minipreparations of plasmid DNA 

Testtng Bacteria for a-Complementation 

1. To a premade LB agar plate containing the appropriate antibiotics, add 40 
^il of a stock solution of X-gal (20 mg/ml m dimethylformamide) and 4 fil 
of a solution of isopropylthio-/3-D-galactoside (IPTG) (200 mg/ml) 

X-gal IS very expensive However, the cost can be minimized by spreading a 
concentrated solution of X-gal on the surface of a premade agar plate rathei than 
incorporating the sugar throughout the entire volume of the agar medium 

A stock solution of X-gal is prepared by dissolving X-gal in dimethylformamide to 
make a 20 mg/ml solution Use a glass or polypropylene tube The tube containing 
the solution should be wrapped in aluminum foil to prevent damage by light and 
should be stored at —20°C It is not necessary to stenlize X-gal solutions by filtration 

IPTG solution is prepared by dissolving 2 g of IPTG in 8 ml of H ,0 Adjust the volume 
of the solution to 10 ml with H^O and sterilize by filtration through a 0 22-micron 
disposable filter Dispense the solution into 1-ml aliquots and store them at 20"C 

2. Using a sterile glass spreader (or a bent pasteur pipette whose tip has 
been sealed in a flame), spread the solution over the entire surface of the 
plate. Incubate the plate at 37°C until all of the fluid has disappeared 
Because of the low volatility of dimethylformamide, this can take up to 3 
or 4 hours if the plate is freshly made 

3. Inoculate the plate with the bacteria that are to be tested This can be 
done by streaking with a bacterial loop or toothpicks or by spreading up to 
100 /il of a suspension of bacteria over the surface of the agar medium 
After the inoculum has absorbed, incubate the plate in an inverted 
position for 12-16 hours at 37°C 

4. Store the plate at 4°C for several hours This allows the blue color to 
develop fully Colonies that contain active /3-galactosidase are pale blue in 
the center and dense blue at their periphery White colonies occasionally 
show a faint blue spot in the center, but these are colorless at the 
penphery. 
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imEMSaONAL JNACnVAJION 


This method, which is shown in Figure 1.12, can only be used with older 
vectors (e.g, pBR322) that carry two or more antibiotic resistance genes and 
an appropriate distnbution of restriction enzjone cleavage sites. The DNA to 
be inserted and the purified plasmid DNA are digested with restriction 
enzymes that recognize sites located in only one of the smtibiotic resistance 
genes (in this example, the tef gene). After ligating the two DNAs at the 
appropriate concentrations, the ligation mixture is used to transform E coli 
Transformants are selected that are resistant to the second antibiotic (m this 
example, ampicilhn) Some of the colonies that grow m the presence of 
ampicillin will contain recombinant plasmids, others will contain plasmid 
DNA that has recirculanzed during ligation without msertion of the foreign 
DNA To discriminate between the two kinds of transformants, separate 
plates containing ampicilhn and tetracycline are inoculated with a number of 
colonies in patches in identical locations (Figure 113) The colonies that 
survive and grow in the presence of tetracycline contain plasmids with active 
tef genes, and it is unlikely that such plasmids carry insertions of foreign 
DNA The colonies that do not grow in the presence of tetracycline but do 
grow on the plate containing ampicilhn contain plasmids with inactive tet’^ 
genes, and it is likely that these plasmids carry the foreign DNA sequences 
Although msertion of foreign DNA sequences within an antibiotic resis¬ 
tance gene almost always leads to inactivation of that gene, at least one case 
has been reported in which an insertion left the gene in a functional state. 
Villa-KomarofF et al (1978) found that insertion of a segment of rat pre- 
proinsulin cDNA into the Pstl site of pBR322 did not inactivate the amp^ 
gene Presumably, a small piece of foreign DNA had been inserted that did 
not alter the reading frame of the amp^ gene, so that a fusion protein was 
formed that retained j8-lactamase activity 
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FIGUMOE 1.12 

Insertional inactivation. 


Insertion of a segment of foreign DNA 
inactivates the tet^ gene Bacteria 
transformed with this recombinant 
plasmid can grow in the presence of 
ampicillin but not tetracycline 
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FIGURE 1.13 

Screemng for insertions of foreign DNA by inactivation of plasmid-bome antibiotic 
resistance genes 
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SCREXmNG BY KYBBIDIZATION 


In 1975, Grunstem and Hogness described a method for in situ lysis of 
bacterial colonies on nitrocellulose filters and noncovalent attachment of the 
released DNA to the filters. The DNA could then be hybridized to appropri¬ 
ate radiolabeled nucleic acid probes This procedure was an extension of the 
work of Nygaard and Hall (1963), who had shown that DNA could be 
immobilized on nitrocellulose, and Denhardt (1966) and Gillespie and 
Spiegelman (1965), who were the first to demonstrate that such fixed nucleic 
acids could be detected by hybndization Although minor modifications have 
been introduced over the years, the protocol originally described by Grunstem 
and Hogness has proved to be remarkably dura^ [ It remains the most 
commonly used technique to identify individual bactkrial colonies carrying 
cosmids or plasmids that contain DNA sequences of interest Methods are 
presented below to screen bacterial colonies with radiolabeled probes that are 
longer than 100 nucleotides in length The preparation of these '‘‘P-labeled 
probes is described in Chapter 10. Methods for screening bacterial colonies 
with shorter radiolabeled oligonucleotides are given m Chapter 11 It is 
easily possible to screen many hundreds of thousands of colonies simulta¬ 
neously and to recognize colonies that carry recombinant plasmids containing 
the target sequences The structure of these plasmids is then verified by 
restriction analysis and Southern hybridization of mmipreparations of plas¬ 
mid DNA. 

Three types of solid supports may be used for in situ hybridization of lysed 
bacterial colonies—nitrocellulose filters, nylon membranes, and Whatman 
541 filter papers Nylon membranes axe the most durable of the three and 
will withstand several rounds of hybridization and washing at elevated 
temperatures. They are therefore preferred when colonies are to be screened 
sequentially with a number of different probes Because different brands of 
nylon membranes require different treatments, we recommend following the 
manufacturer’s instructions precisely during immobilization and hybridiza¬ 
tion of DNA Whatman 541 filter paper, which has a high wet strength, was 
first used by Gergen et al (1979) to screen bacterial colonies Whatman 541 
paper has been used chiefly to screen libraries that have been arranged and 
stored as cultures of individual colonies in separate wells of microtiter plates 
(Linbro Scientific) These ordered libraries are duplicated on the surface of 
agar medium (usually in square petri dishes), and the resulting colonies are 
then transferred to Whatman 541 paper and lysed either by alkali or by a 
combination of alkali and heat (Maas 1983) Conditions for hybridization of 
the immobilized DNA are essentially identical to those established for nitro¬ 
cellulose filters Whatman 541 paper has some advantages over nitrocellu¬ 
lose filters It IS cheaper, more durable during hybridization, and less prone to 
distortion and cracking during drying However, unless care is taken during 
the denaturation step (Maas 1983), the strength of the hybridization signal is 
significantly lower than that obtained from nitrocellulose filters For routine 
screening of bacterial colonies, therefore, nitrocellulose filters remain the 
preferred choice as solid supports. 

There are many methods available to hybridize radioactive probes in 
solution to nucleic acids immobilized on filters. These methods differ in the 
following respects: 
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• Solvent and temperature used (e g., 68°C in aqueous solution or 42°C in 
50% formamide) 

• Volume of solvent and length of hybridization (large volumes for periods as 
long as 3 days or minimal volumes for times as short as 4 hours) 

• Degree and method of agitation (continuous shakmg or stationary) 

• Use of agents such as Denhardt’s reagent or BLOTTO to block the non¬ 
specific attachment of the probe to the surface of the solid matrix 

• Concentration of the labeled probe and its specific activity 

• Use of compounds, such as dextran sulfate (Wahl et al. 1979) or poly¬ 
ethylene glycol (Renz and Kurz 1984; Amasino 1986), that increase the rate 
of reassociation of nucleic acids 

• Stringency of washing following the hybridization 

These and other factors affecting hybridization of immobilized nucleic acids 

are discussed in detail m Chapter 9, pages 9 47-9 51. 
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Transferring Smatl Nnmhers of €!otonies to NitroeeltuMose Filters 

This procedure is used when it is necessary to screen a small number of 
bacterial colonies (100—200) that are dispersed over several agar plates The 
colonies are consolidated on a master agar plate and on a nitrocellulose filter 
laid on the surface of a second agar plate After a penod of growth, the 
colonies are lysed in situ The master plate is stored at 4'’C until the results 
of the screening procedure become available 

1. Place a nitrocellulose filter (Millipore HAWP or equivalent) on an agar 
plate containing the selective antibiotic 

It IS not necessary to use a detergent-free or sterilized filter in this pioceduic, such 
filters are required only when small numbers of bactena are used as macula, for 
example, when the transformation mixture is plated directly on the suiface of the 
filter However, the filter should be handled with gloved hands, since fingei oils 
prevent wetting of the filter and affect DNA transfer 

2. Using stenle toothpicks, transfer individual bacterial colonies onto the 
filter and then onto a master agar plate that contains the selective 
antibiotic but no filter Make small streaks 2-3 mm in length (or dots) 
arranged in a grid pattern Each colony should be streaked in an identical 
position on both plates Up to 100 colonies can be streaked onto a single 
90-mm plate Finally, streak a colony containing a nonrecombinant 
plasmid (eg, pBR322) onto both the filter and the master plate This 
negative control is often useful and sometimes necessary to discriminate 
between specific annealing of the radioactive probe to a recombinant 
plasmid and nonspecific background hybridization 

3. Invert the plates and incubate them at 37°C until the bacterial streaks 
have grown to a width of 0 5-1 0 mm 

At this stage, when the bactena are still growing rapidly, the filler may lie 1 1 .insfer red 
to an agar plate containing chloramphenicol (170-200 /rg/ml) and intubated for 12 
hours at 37°C (Hanahan and Meselson 1980, 1983) This amplifitaf ion step is 
necessary only when the copy number of the recombinant plasmid is expected to be 
low (e g , if an unusually large segment I > 10 kb I of foi eign DNA has been i nsei ted 1 or 
when highly degenerate ohgonucleotides are to be used as probes Under normal 
crrcumstances, cloned DNA sequences can be detected very easily by hybridization 
without prior amplification of the recombinant plasmid Amplification can be earned 
out only with vectors that replicate in a relaxed fashion (see page 1 3) 

4. Mark the nitrocellulose filter in three or more asymmetric locations by 
stabbing through it and into the agar beneath with an 18-gauge needle 
attached to a syringe containing waterproof black drawing ink Mark the 
master plate in approximately the same locations 

With practice, it is possible to avoid the use of ink (which can be messy) by punching 
holes through the filter into the underlying agar with an empty 18-gauge needle 
After hybndization, backlighting can be used to align the holes in the filter with the 
marks m the agar 

5. Seal the master plate with Parafilm and store it at d’C in an inverted 
position until the results of the hybndization reaction are available 

6. Lyse the bacteria and bind the liberated DNA to the nitrocellulose filter by 
one of the two procedures desenbed on pages 1.98 and 1.100. 
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Mtepiicating Coionics onto NitroccUuMosc Fitters 

Two methods are given here for replicating colonies onto mtrocellulose filters. 
Method 1 (Hanahan and Meselson 1980,1983) is used when it is necessary to 
screen large numbers of colonies by hybridization (e.g, when plating out 
bacteria transformed by a cDNA library constructed in a plasmid vector). In 
this case, bacteria are plated directly from a transformation mixture onto 
detergent-free nitrocellulose filters, and replica filters are prepared by filter- 
to-filter contact Method 2 is used to transfer many bacterial colonies 
simultaneously from the surfaces of agar plates to nitrocellulose filters. This 
method works with bacterial colonies of any size, but small colonies (0 1—0.2 
mm) give the best results; they produce sharper hybridization signals and 
smear less than larger colonies As many as 2 x 10^ colonies per 138-mm 
filter or 10^ colonies per 82-mm filter can be screened using this technique. 


METHOD 1 

1. Number dry, detergent-free nitrocellulose filters (Millipore HATF or equiv¬ 
alent) with a soft-lead pencil or a ballpoint pen, wet them with water, 
and sandwich them between dry Whatman 3MM papers Wrap the stack 
of filters in aluminum foil, and sterilize them by autoclaving (15 Ib/sq. in. 
on liquid cycle) Prepare enough filters to make a master and two replicas 
of each plate 

2. Using sterile, blunt-ended forceps (e.g, Millipore forceps), lay a sterile 
filter, numbered side down, on a day-old LB (or SOB) agar plate contain¬ 
ing the appropriate antibiotic When the filter is thoroughly wet, peel it 
from the plate and replace it, numbered side up, on the surface of the 
agar 

3. Apply the bacteria, in a small volume of liquid, to the center of the filter on 
the surface of the agar plate A large filter (138-mm diameter) will 
accommodate up to 0.5 ml of liquid containing 2 x 10* viable bacteria. A 
small filter (82-mm diameter) will accommodate up to 0 2 ml of liquid 
containing approximately 10* bacteria Using a sterile glass spreader, 
disperse the fluid evenly over the surface of the filter Leave a border 2-3 
mm wide at the edge of the filter free of bacteria After spreading the 
inoculum, incubate the plate (noninverted) with the lid ajar for a few 
minutes in a lami nar flow hood to allow the inoculum to evaporate Then 
close the hd, invert the plate, and incubate at 37°C until small colonies 
(0 1-0.2-mm diameter) appear (about 8-10 hours) 

4. If desired, replica filters may be prepared at this stage (see step 6). 
Otherwise, the filter (colony side up) should be transferred to an LB (or 
SOB) agar plate containing the appropriate antibiotic and 25% glycerol 
(Hanahan and Meselson 1983) Incubate the plate for 2 hours at 37°C. 

5. Seal the plate well with Parafilm, and store it in an inverted position m a 
sealed plastic bag at -20°C. Replicas can be made after thawing the 
master plate at room temperature (still in the inverted position). 
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6. Replica filters are made as follows: 


a. Prepare in advance a stack of Whatman 3MM papers (one for each 
filter plus a few spares) cut to a size slightly larger than the filters 
Sterilize the stack of 3MM papers by autoclaving for 10 minutes at 10 
Ib/sq. in. on liquid cycle 

b. Peel the master nitrocellulose filter off the storage plate and lay it, 
colony side up, on a dampened pad of sterile 3MM paper 

c. Number a damp, sterile nitrocellulose filter and lay it on the master 
nitrocellulose filter. Take care to prevent air bubbles from becoming 
trapped between the two filters This is best done by bending the 
second filter slightly so that contact is first made between the centers of 
the filters Be careful not to move the filters relative to one another 
once contact has been made Try to arrange the filters so that they do 
not overlap exactly; this makes it easier to separate the two filters 

d. Press the two filters firmly together with a velvet replica-platmg tool 
(Figure 1.14) or with a heavy glass plate (with a 3MM paper between 
the glass and the filters) 

e Orient the two filters by making a senes of holes in the pair of filters 
with an 18-gauge needle 



JFIGVKE 1.14 

Use of a replica-platmg tool to replicate bacterial colonies growing on nitrocellulose filters. 
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f Peel the filters apart. Lay the replica on a fresh LB (or SOB) agar plate 
containing the appropriate antibiotic and incubate the plate at 37°C 
until colonies appear (4-6 hours). 

At this stage, when the bacteria are still growing rapidly, the filter may be 
transferred to an agar plate containing chloramphenicol (170-200 /u-g/ml) and 
incubated for 12 hours at 37°C (Hanahan and Meselson 1980, 1983) This 
amplification step is necessary only when the copy number of the recombinant 
plasmid IS expected to be low (eg, if an unusually large segment [> 10 kb] of 
foreign DNA has been inserted) or when highly degenerate oligonucleotides are to 
be used as probes Under normal circumstances, cloned DNA sequences can be 
detected very easily by hybridization without prior amplification of the recombi¬ 
nant plasmid Amplification can be carried out only with vectors that replicate in a 
relaxed fashion (see page 1 3) 

g Replace the master nitrocellulose filter on a fresh LB (or SOB) agar 
plate containing the appropriate antibiotic and 25% glycerol (Hanahan 
and Meselson 1983). Incubate the plate for 1 hour at 37°C, and then 
freeze it as described in step 5. 

If necessary, more replicas can be prepared from the master in an identical manner 
Key the second and subsequent replicas to the existing holes in the master filter 
Return both filters to their respective plates If the master filter is to be used to make 
more than two replicas, it should be incubated for a few hours to allow the colonies to 
regenerate Generally, making two to three replicas presents no problem However, 
should more replicas be required, it is essential that the bacterial colonies be 
extremely small (~0 1-mm diameter) at the time of replication in order to avoid 
smearing To avoid contamination, filters containing copies of valuable libraries are 
best handled in a laminar flow hood 

7. Lyse the bacteria and bind the liberated DNA to the replica filters using 
one of the two methods described on pages 1.98 and 1.100. 
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METHOD 2 


1. Plate the bacterial suspension directly on the surfaces of LB (or SOB) agar 
plates containing the appropriate antibiotic Plates that are 2-3 days old 
give the best results because they absorb the inoculum more readily 
Leave the plates, with their lids ajar, in a laminar flow hood until the 
surface of the agar is quite dry. Close the lids and incubate the plates in 
an inverted position for 12—14 hours at 37°C Chill the plates for 30-60 
minutes at 4°C. 

2. Number a dry, detergent-free nitrocellulose filter (Millipore HATF or 
equivalent) with a soft-lead pencil or a ballpoint pen, and sterilize it as 
described m step 1, page 1 93 Place the filter, numbered side down, on 
the surface of the LB (or SOB) agar medium, m contact with the bacterial 
colonies, until it is completely wet Mark the filter and the underlying 
medium in three or more asymmetric locations by stabbing through the 
filter with an 18-gauge needle attached to a syringe containing waterproof 
black drawing ink 

Although sterile filters are preferred, nonstenle filters can also be used as long as no 
more replicas are to be made from the master plate 

With practice, it is possible to avoid the use of ink (which can be mes.sy) by punching 
holes through the filter into the underlying agar with an empty 18-gauge needle 
After hybndization, backlighting can be used to align the holes in the filter with the 
marks in the agar 

3. Using blunt-ended forceps (e g, Millipore forceps), peel off the filter 

4. At this stage, several options are available 

• The bacteria adhering to the filter may be immediately lysed and the 
liberated DNA bound to the filter using one of the two methods de.scribed 
on pages 1 98 and 1 100 

• The filter may be placed, colony side up, on the surface of a fresh LB (or 
SOB) agar plate containing the appropriate antibiotic The colonies are 
lysed after a few hours of incubation, when they have grown to a size of 
2-3 mm This method is necessary only when the transfer of the 
colonies to the filter is poor or uneven, which is not usually the case 

• The filter may be transferred to an agar plate containing chloram¬ 
phenicol (170-200 p-g/ml) and incubated for 12 hours at 37°C (Hanahan 
and Meselson 1980, 1983) This amplification step is necessary only 
when the copy number of the recombinant plasmid is expected to be low 
(e g., if an unusually large segment [ > 10 kb] of foreign DNA has been 
inserted) or when highly degenerate oligonucleotides are to be used as 
probes. Under normal circumstances, cloned DNA sequences can be 
detected very easily by hybridization without prior amplification of the 
recombinant plasmid Amplification can be earned out only with vectors 
that replicate in a relaxed fashion (see page 1,3). 

• The filter may be used to prepare a second replica. The filter is placed, 
colony side up, on the surface of a fresh LB (or SOB) agar plate 
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containing the appropriate antibiotic. A second dry nitrocellulose filter 
IS then laid carefully on top of the first and keyed to it. The filter 
sandwich is incubated for several hours at 37°C, and the plasmids are 
amplified, if desired, by further incubation on an agar plate containmg 
chloramphenicol. The filters are kept as a sandwich during the sub¬ 
sequent lysis and neutralization steps but are peeled apart before the 
final wash (Ish-Horowicz and Burke 1981). 

5. Incubate the master plate for 5-7 hours at 37°C until the colonies have 
regenerated Seal the plate with Parafilm, and store it at 4°C in an 
inverted position. 
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Ijyais of Colonies anA Binding of BNA to NitroeettuMose Witters 

Two methods (based on the original procedure of Grunstein and Hogness 
[1975]) are described to liberate the DNA from bacterial colonies and to bind 
it to the nitrocellulose filter in situ. The first method can easily be adapted to 
accommodate large batches of filters, whereas the second is more economical 
when dealing with only one or two filters In both cases, try to avoid getting 
any of the solutions onto the upper surface of the filter and trapping air 
bubbles under the filter 


METHOD 1 

1. Cut four pieces of Whatman 3MM paper to an appropriate size and shape 
and fit them neatly onto the bottoms of four glass or plastic trays 
Cafeteria trays are ideal for this purpose, since they can accommodate 
batches of up to 25 filters Saturate each of the pieces of 3MM paper with 
one of the following solutions 

• 10% SDS (optional) 

• Denaturing solution (0 5 n NaOH, 15 m NaCl) 

• Neutralizing solution (1.5 m NaCl, 0 5 m Tns Cl IpH 741) 

• 2x SSC 

Pour off any excess liquid 

If the 3MM paper is too wet, the bacterial colonie.s swell and difiuse during lysis The 
hybridization signals then become blurred and attenuated, and it is very difficult to 
identify individual colonies that give rise to the signal 

2. Using blunt-ended forceps (e g, Millipore forceps), peel the nitrocellulose 
filters from their plates and place them, colony side up, on the SDS- 
impregnated 3MM paper This treatment limits the diffusion of the 
plasmid DNA during denaturation and neutralization, resulting in a 
sharper hybridization signal 

3. After the first filter has been exposed to the SDS solution for 3 minutes, 
transfer it to the second sheet of 3MM paper, which has been saturated 
with denaturing solution Transfer the remainder of the filters in the 
same order that they were removed from their agar plates Expose each 
filter to the denaturing solution for 5 minutes 

When transferring filters from one tray to another, use the edge of the first tray as a 
scraper to remove as much fluid as possible from the underside of the filter 
Alternatively, remove excess liquid by transferring the filter bnefly to a dry paper 
towel 

Try to avoid getting fluid on the side of the filter carrying the bacterial colonies 

4. Transfer the filters to the third sheet of 3MM paper, which has been 
saturated with neutralizing solution. Leave the filters for 5 minutes. 

5* Transfer the filters to the last sheet of 3MM paper, which has been 
saturated with 2x SSC Leave the filters for 5 minutes. 
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6. Lay the filters, colony side up, on a sheet of dry 3MM paper. Allow them 
to dry at room temperature for at least 30 minutes 

7. Sandwich the filters between two sheets of dry 3MM paper. Fix the DNA 
to the filters by baking for 1-2 hours at 80°C in a vacuum oven. 

Overbaking can cause the filters to become brittle Filters that have not been 
completely neutralized turn yellow or brown during baking and chip very easily. The 
background of nonspecific hybridization also increases dramatically 

8. Hybridize the DNA immobilized on the filters to a ®^P-labeled probe as 
described on pages 1101-1.104. 

Any filters not used immediately in hybridization reactions should be wrapped loosely 
in aluminum foil and stored under vacuu m at room temperature 
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METHOD 2 


1 . For each filter, make a puddle (0 75 ml) of 0.5 n NaOH on a piece of Saran 
Wrap Place a filter, colony side up, on the puddle, stretching the Saran 
Wrap so that the filter wets evenly. Leave the filter in place for 2-3 
minutes 

2. Blot the underside of the filter on a dry paper towel and repeat step 1 
using a fresh piece of Saran Wrap and fresh 0 5 n NaOH 

3. Blot the filter again and transfer it to a puddle of 1 m Tns Cl (pH 7 4) on a 
fresh piece of Saran Wrap After 5 minutes, blot the filter and repeat the 
step using a fresh piece of Saran Wrap and fresh 1 m Tns Cl (pH 7 4) 

4. Blot the filter and transfer it to a puddle of 1 5 m NaCl, 0 5m Tris Cl (pH 
7.4) on a fresh piece of Saran Wrap. After 5 minutes, blot the filter and 
transfer it to a piece of dry 3MM paper Allow the filter to dry at room 
temperature for 20-30 minutes. 

5. Sandwich the filter between two sheets of dry 3MM paper Fix the DNA to 
the filter by baking for 2 hours at 80°C in a vacuum oven 

Overbaking can cause the filters to become brittle Fiitens that have not been 
completely neutralized turn yellow or brown during baking and chip very ea.sily The 
background of nonspecific hybridization also increases dramatically 

6. Hybridize the DNA immobilized on the filter to a '“P-labeled probe as 
described on pages 1 101—1 104 

Any filters not used immediately in hybridization reactions should be wrapped loo.sely 
in aluminum foil and stored under vacuum at loom temporaluie 
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HybridimtUtn to NitroeelluUtse Fitters Contnining Jtepllccis 
of Bacterial Coionies 


The following protocol is designed for 30 circular nitrocellulose filters, 82 mm 
in diameter. Appropriate adjustments to the volumes should be made when 
carrying out hybridization reactions with different numbers or sizes of filters. 

1. Float the baked filters on the surface of a tray of 2x SSC until they have 
become thoroughly wetted from beneath Submerge the filters for 5 
minutes 

2. Transfer the filters to a glass crystallizing dish containing at least 200 ml 
of prewashing solution Stack the filters on top of one another in the 
solution Cover the dish with Saran Wrap and transfer it to a rotatmg 
platform in an incubator. In this and all subsequent steps, the filters 
should be slowly agitated to prevent them from sticking to one another. 
Incubate the filters for 30 minutes at 50“C. 

Important: Do not allow the filters to dry at any stage during the 
prewashing, prehybridization, or hybridization steps 


Prewashing solution 

5x SSC 
0.5% SDS 

1 mM EDTA (pH 8.0) 


3. Gently scrape the bacterial debris from the surfaces of the filters using 
Kimwipes soaked in prewashing solution This reduces background 
hybridization without affecting the intensity or sharpness of positive 
signals 

4. Transfer the filters to 150 ml of prehybndization solution in a glass 
crystallizing dish. Incubate the filters for 1-2 hours at the appropriate 
temperature (i e , 68“C when hybridization is to be earned out in aqueous 
solution, 42°C when hybridization is to be carried out in 50% formamide) 

Some workers prefer to incubate filters in heat-sealable plastic bags (Sears Seal-A- 
Meal or equivalent) (see, e g, Chapter 9, page 9 53) This method avoids problems 
with evaporation and, because the sealed bags can be submerged in a water bath, 
ensures that the temperatures dunng hybridization and washing are correct The 
bags must be opened and resealed when changing buffers To avoid radioactive 
contamination of the water bath, the resealed bag containing radioactivity should be 
sealed inside a second, noncontaminated bag. 

Often, small bubbles of air form on the surface of the filter as the temperature of 
the prehybndization solution increases It is important that these bubbles be 
removed by occasionally agitating the fluid in the bag, otherwise, the components of 
the prehybndization solution will not be able to coat the filter evenly This problem 
can be mimmized by heating the prehybndization solution to the appropnate 
temperature before adding it to the bag 

The filters should be completely covered by the prehybndization solution Dunng 
prehybndization, sites on the nitrocellulose filter that nonspecificaUy bmd smgle- or 
double-stranded DNA become blocked by proteins in the BLOTTO 
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When ®^P-labeled cDNA or RNA is used as a probe, poly(A) at a concentration of 1 
/xg/ml should be included in the prehybndization and hybridization solutions to 
prevent the probe from binding to T-rich sequences that are found fairly commonly 
in eukaryotic DNA 

Whether or not to use a prehybndization solution containing formamide is largely a 
matter of personal preference Both versions of these solutions give excellent results 
and neither has clear-cut advantages over the other However, hybridization in 50% 
formamide at 42°C is less harsh on nitrocellulose filters than is hybridization at 68°C 
in aqueous solution Offsetting this advantage is the two- to threefold slower rate of 
hybndization in solutions containing formamide 

To maximize the rate of annealing of the probe with its target, hybridizations are 
usually carried out in solutions of high ionic strength (6x SSC oi 6x SSPL) at a 
temperature that is 20-25°C below (see Chapter 9, pages 9 50-9 51) Both 
solutions work equally well when hybridization is earned out in aqueous solvents 
However, when formamide is included in the hybridization buffei, 6x SSPE is 
preferred because of its greater buffering power 


Prehybridization solution 
Either 

50% formamide 
6x SSC (or 6x SSPE) 

0.05 X BLOTTO 

or 

6x SSC (or 6x SSPE) 

0.05 X BLOTTO 

Formamide: Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used without further treatment However, if 
any yellow color is present, the formamide should be deionized by 
stirring on a magnetic stirrer with Dowex XG8 mixed-bed resin for 
1 hour and filtenng twice through Whatman No 1 paper Deion¬ 
ized formamide should be stored in small aliquots under nitrogen 
at -70°C. 

i X BLOTTO: Bovine Lacto Transfer Technique Optimizer (John¬ 
son et al. 1984) is 5% nonfat dned milk dissolved in water 
containing 0.02% sodium azide It should be stored at 4°C 1 x 

BLOTTO is as effective a blocking agent as Denhardt’s reagent, 
but much less expensive. BLOTTO should not be used m combina¬ 
tion with high concentrations of SDS, which will cause the rmlk 
proteins to precipitate. If background hybridization is a problem, 
NP-40 may be added to the hybridization solution to a final 
concentration of 1%. BLOTTO should not be used as a blocking 
agent when radiolabeled RNA is used as the hybridization probe, 
because of the possibility that the dried milk may contain signifi¬ 
cant amounts of RNAase activity. 

Caution: Sodium azide is poisonous. It should be handled with 
great care wearing gloves, and solutions containing it should be 
clearly marked. 
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5. Denature ^^P-labeled double-stranded DNA probe by heating for 5 min¬ 
utes to 100°C Chill the probe rapidly in ice water Single-stranded 
probe need not be denatured Add the probe to the prehybridization 
solution covering the filters Incubate at the appropriate temperature 
until 1-3 X Co^l /2 is achieved (see Chapter 9,' page 9 48). During the 
hybridization, the containers holding the filters should be tightly closed 
to prevent the loss of fluid by evaporation 

Alternatively, the probe may be denatured by adding 0 1 volume of 3 N NaOH After 
5 minutes at room temperature, transfer the probe to ice water and add 0 05 volume 
of 1 M Tris Cl (pH 7 2) and 0 1 volume of 3 N HCl Store the probe in ice water until 
it IS needed 

Between 2 x 10® and 1 x 10® cpm of ®^P-labeled probe (sp act ^ 5 x lO’ cpm//ig) 
should be used per milliliter of prehybridization solution Using more probe will 
cause the background of nonspecific hybridization to increase, using less will reduce 
the rate of hybridization 

6. When the hybridization is completed, remove the hybridization solution 
and immediately immerse the filters in a large volume (300-500 ml) of 
2x SSC and 0 1% SDS at room temperature Agitate the filters gently, 
and turn them over at least once during washing. After 5 minutes, 
transfer the filters to a fresh batch of wash solution and continue to 
agitate them gently Repeat the washing procedure twice more At no 
stage during the washing procedure should the filters be allowed to dry. 

Hybridization mixtures containing radiolabeled single-stranded probes may be 
stored at 4°C for several days and reused without further treatment However, 
hybridization mixtures containing complementary strands of DNA should be dis¬ 
carded since there is no satisfactory way to denature the double-stranded DNA that 
forms during the first round of hybndization 

7. Wash the filters twice for 1-1 5 hours in 300-500 ml of a solution of lx 
SSC and 01% SDS at OS^C At this point, the background is usually low 
enough to put the filters on film If the background is still high or if the 
experiment demands washing at high stringencies, immerse the filters 
for 60 minutes in 300-500 ml of a solution of 0.2x SSC and 0 1% SDS at 
68°C 

8. Dry the filters in the air at room temperature on paper towels. Arrange 
the filters (numbered side up) on a sheet of Saran Wrap. Apply adhesive 
dot labels marked with radioactive ink to several asymmetric locations 
on the Saran Wrap These markers serve to align the autoradiograph 
with the filters. Cover the labels with Scotch Tape This prevents 
contamination of the film holder or intensifying screen with the radioac¬ 
tive ink 

Radioactive ink is made by mixing a small amount of with waterproof black 
drawing ink We find it convenient to make the ink m three grades, very hot 
(> 2000 cps on a hand-held minimomtor), hot (> 500 cps on a hand-held 
minimomtor), and cool (> 50 cps on a hand-held mimmomtor) Use a fiber-tip pen to 
apply ink of the desired hotness to the adhesive labels. Attach radioactive-warning 
tape to the pen, and store it m an appropriate place 
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9. Cover the filters with a second sheet of Saran Wrap Expose the filters to 
X-ray film (Kodak XAR-2 or equivalent) for 12-16 hours at -70°C with 
an intensifying screen (see Appendix E) 

10 . Develop the film and align it with the filters using the marks left by the 
radioactive ink. Use a nonradioactive fiber-tip pen to mark the film with 
the positions of the asymmetrically located dots on the numbered filters 
Tape a piece of clear Mylar or other firm transparent sheet to the film 
Mark on the clear sheet the positions of positive hybridization signals 
Also mark (in a different color) the positions of the asymmetrically 
located dots Remove the clear sheet from the film Identify the positive 
colonies by aligning the dots on the clear sheet with those on the agar 
plate. 

Some batches of nitrocellulose filters swell and distort during hybridization and 
subsequent drying, so that it becomes difficult to align the two sets of dots This 
problem can be alleviated to some extent by autoclaving the dry filteis between 
pieces of damp Whatman 3MM paper before use (10 Ib/sq in for 10 minutes on 
liquid cycle) Nylon membranes do not suffer from this problem 

11. Using a sterile toothpick, transfer each positive bacterial colony into 1-2 
ml of LB medium containing the appropriate antibiotic Often, the 
alignment of the filters with the plate does not permit identification of an 
individual hybridizing colony In this case, several adjacent colonies 
should be pooled The culture is grown for several hours and then 
diluted and replated on agar plates so as to obtain approximately 500 
colonies per plate These colonies are then screened a second time by 
hybridization A single, well-isolated, positive colony should be picked 
from the secondary screen and used for further analysis 
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BncterUtpHnge A 
Vectors 


Since it was first used as a cloning vehicle (Murray and Murray 1974; 
Rambach and Tiollais 1974; Thomas et al 1974), bacteriophage A has 
occupied a central role in molecular cloning. A large number of versatile and 
sophisticated vectors are now available whose development was made pos¬ 
sible by the vast and detailed analysis of the genetics and physiology of this 
bacteriophage The effective use of these vectors requires an understanding 
of the molecular biology of the virus; choosing between them demands an 
appreciation of the principles used in their design and construction In this 
chapter, we summarize the molecular biology of bacteriophage A, describe the 
properties of the currently available vectors, and present detailed protocols 
for their growth and use 
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JHoieeuMnr Biology of BncteriopHnge A 


The genome of bacteriophage A is a double-stranded DNA molecule approxi¬ 
mately 50 kb in length. The DNA is carried in bacteriophage particles as a 
linear double-stranded molecule with single-stranded complementary termini 
12 nucleotides in length (cohesive termini). Soon after entering a host 
bacterium, the cohesive termini associate by base pairing to form a circular 
molecule with two staggered nicks 12 nucleotides apart. These nicks are 
rapidly sealed by the host’s DNA ligase to generate a closed circular DNA 
molecule that serves as the template for transcription during the early phase 
of infection During this phase, one of the following two pathways of 
replication is chosen (see Figure 2 1). 

• During l 3 d;ic growth, the circular viral DNA is replicated manyfold, a large 
number of bacteriophage gene products are synthesized, progeny bac¬ 
teriophage particles are assembled, and the cell eventually lyses, releasing 
its many new infectious virus particles. 

• During lysogenic growth, the infecting bacteriophage genome becomes 
integrated mto the bacterial host DNA by site-specific recombination and is 
subsequently replicated and transmitted to progeny bacteria like any other 
chromosomal gene During lysogeny, only one bacteriophage gene is 
expressed" the cl gene, which codes for repressor. 

The genes and gene products involved in each of the two pathways of 
bacteriophage A growth are summarized below (For a more detailed descrip¬ 
tion, see Herskowitz [1973] and Hendrix et al. [1983].) 


THE ZmC CTCLE 
Adsorption 

Bacteriophage A adsorbs to receptors in the outer membrane of Escherichia 
coll that are encoded by the bacterial JamB gene and are normally used to 
transport maltose into the cell. Because the synthesis of these receptors is 
induced by maltose and suppressed by glucose, cultures of bacteria to be 
infected by bacteriophage A should be grown in medium that contains 
maltose. Adsorption of bacteriophage particles to the receptors is facilitated 
by magnesium ions and occurs efficiently and rapidly (within a few minutes) 
both at room temperature and at 37°C. However, penetration of the cell by 
the bacteriophage DNA and the subsequent events in the lytic cycle do not 
occur efficiently at room temperature Plaques of bacteriophage A will 
therefore not form on bacterial lawns that are incubated at room tem¬ 
perature. 
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Linear bacteriophage X 
DNA injected into the cell 


Lytic Pathway 


on 



1 


IIGVKE 2.1 

A schematic diagram of the bacteriophage A life cycle Double-stranded bacteriophage A DNA, 
which enters the bacterial host as a linear duplex, is indicated by double lines The lytic pathway, 
which IS indicated by the horizontal arrow, requires early and late gene functions, whereas the 
lysogenic pathway, which is indicated by the vertical arrow, requires only early gene functions. 
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Immediate Earty Transcription 

Early in infection, transcription is initiated at two promoters, and Pjj, 
which are located to the left and right, respectively, of the cl (repressor) gene 
(see Figure 2 2). The resulting “immediate early RNAs terminate at the 
ends of the N and cro genes, at sites ^L and ijjj, respectively, although some 
rightward transcripts continue through genes 0 and P (which code for 
proteins involved m DNA rephcation) and terminate at Th® leftward 
transcript codes for the N protein, whose action is essential for the next phase 
of infection 


Delayed Early Transcription 

The N protein, by neutralizing the activity of the host termination factor p, 
allows transcription to proceed through the early terminators ^r 2 

into the remainder of the early gene region The N protein is therefore a 
positive regulatory element whose activity is necessary for the lytic growth of 
bacteriophages carrying However, N~ mutants can grow (albeit relative¬ 
ly poorly) if IS removed by deletion Such bacteriophages are known as 
nin (A^-mdependent) mutants 


DEA Replication 

During the early phase of mfection, circular bacteriophage A DNA replicates 
bidirectionally as a Caims or d form from a single origin (on) (see Figure 2 2), 
which IS activated by two virus-encoded proteins, the products of the 0 and P 
genes. Later, rolling-circle replication begins, and linear DNA molecules are 
generated that consist of tandem polymers of the bacteriophage genome 
arranged head-to-tail The conversion to rolling-circle rephcation is inhibited 
by exonuclease V, which is encoded by the bacterial recB and recC genes. 
However, the production of concatenated DNA is not siffected in recBC* cells 
as long as the infecting bacteriophage carries a functional gam gene. The 
product of this gene bmds to exonuclease V and inactivates its exonucleoiyic 
activity During packagmg, the tandem polymers are cleaved at the cosL and 
cosR sites by the product of the bacteriophage A A gene to form the 
monomer-length linear DNAs with cohesive termini that are found in mature 
bacteriophage particles 


lute Transcription 

One of the early transcripts initiated atpg codes for a protein called Cro As 
Cro accumulates during infection, it binds to two operator regions (ol and Ojj), 
preventing attachment of RNA polymerase and thereby switching off tran¬ 
scription from Pl Pr- however, sufficient amounts of 

another control protein, called Q, have been synthesized to cause transcnp- 
tion of the late genes to begin. Q acts as an antiterminator of RNA synthesis 
from pR, the promoter used for transcription of the entire late region, which 
contains many genes involved in assembly of bacteriophage heads and tails 
and in cell lysis. Under the influence of Q protein, transcripts initiated at p^ 
extend through the late gene region and termmate within the b region. 
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Asaembty 


The two major structural units of mature bacteriophage particles—the heads 
and tails—are assembled separately. The earliest precursor identified in the 
pathway leading to head assembly is the scaffolded prehead (Figure 2.3). 
Further maturation, which involves removal of the scaffoldmg protein and 
proteolytic processing of other components, depends on a protein (the groE 
gene product) supphed by the host. The resultmg structures are called 
preheads. Packaging the bacteriophage genome into preheads involves two 
proteins, Nul and A, that bind to the tandem polymers of linear DNA close 
to, but not at, the left cos site This complex then becomes attached to a 
defined area on the prehead. In the presence of protein FI, the DNA is wound 
into the prehead, which expands m size by some 20%. When the head is 
filled, the D, or “decoration,” protein attaches to the outside of the capsid, 
locking the head in place around the DNA. During packaging, the left and 
right cos sites of the concatenated linear DNA are brought close together at 
the entrance to the head, where they are cleaved in a staggered fashion by 
the ter function of the A protein to generate the 12-nucleotide cohesive 
termini Finally, the filled heads associate with preformed tail units, which 
have been assembled by a separate pathway 
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FIGUKE2Jt 

A schematic diagram of the assembly pathway of bacteriophage A. The gene products mvolved in 
each step are indicated (for details, see text and Hohn 1979). 
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Lysis 


Two bacteriophage proteins, R and S, are required for lysis of the host cell 
and liberation of the progeny bacteriophage Mutations in the S gene prevent 
or delay lysis, allowing the assembly of progeny particles to continue for an 
extended period of time. The accumulated intracellular particles are liber¬ 
ated by lysing the infected cell with chloroform Because of the consequent 
improvement in yield, most vectors in common use carry an S mutation 

LYSOGENY 

In a small proportion of cells infected by wild-type bacteriophage A, the lytic 
cycle is aborted and an alternative pathway is activated that leads to the 
integration of viral DNA into the genome of its bacterial host The choice 
between the lytic and lysogenic pathways depends on an intricate balance 
between the activities of a number of host and bacteriophage gene products in 
the infected cell. To establish lysogeny, proteins encoded by genes cll and 
cIII (whose transcriptions are controlled by and p,, respectively) activate 
leftward transcription from promoters and p, so that genes cl and int are 
expressed. The product of the cl gene represses early transcription and 
consequently blocks expression of late genes The Int protein recognizes 
sequences at the att sites in the bacterial and bacteriophage genomes and 
catalyzes a breaking-and-joining event that leads to insertion of the viral 
DNA into the host chromosome 

Almost all viral transcription is repressed in the integrated state, only the 
rexA, rexB, and cl genes continue to be expressed The cl gene product, a 
protein of 236 ammo acids, not only represses transcription of early genes 
but, in addition, regulates its own synthesis Low concentrations of the 
repressor cause the activity of the maintenance promoter, p^, to increase, 
high concentrations inhibit initiation of transcription at All of these 
effects are mediated by the binding of repressor to two opeiator regions ( 0 ^ 
and o^) (Johnson et al 1979) Bacteriophages with mutations in gene cl, cll, 
or cIII are unable to lysogenize efficiently, they therefore form clear plaques 
Bacteriophages carrying a temperature-sensitive mutation in the cT gene are 
able to establish and maintain the lysogenic state as long as the cells are 
propagated at a temperature that allows the repressor to retain its ability to 
inhibit transcription from Pl and However, lytic growth can be induced 
by heating the bacterial culture briefly to 45°C to inactivate the temperature- 
sensitive repressor. Wild-type prophages can also be induced, although much 
less efficiently, by proteolytic cleavage of the repressor by the host RecA 
protein following exposure to agents that damage DNA Inactivation of the 
repressor allows transcnption to resume from p, and p^ Proteins called Int 
and Xis are synthesized Int and Xis together cause the att sites to recombine 
and excise the prophage DNA from the host chromosome. The Ijftic cycle then 
follows its usual course For a more detailed discussion of regulation of gene 
expression in bacteriophage A, see Ptashne (1986). 
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CONSTRUCTION OF BACTERIOPHAGE A VECTORS: A BRIEF BISTORT 

At first glance, it would seem a bleak prospect to use bacteriophage A, with its 
large and complex genome, as a vector. Its DNA contains multiple sites for 
many of the restriction enzymes that are most useful in cloning, and often 
these sites are located in regions of the genome essential for lytic growth of 
the virus Moreover, because bacteriophage A particles will not accommodate 
molecules of DNA that are much longer than the viral genome itself, it might 
seem that the virus would be useful as a vector for only small pieces of 
foreign DNA 

These problems, however, are not as formidable as they might at first 
appear First, the central third of the viral genome is not essential for l 5 rtic 
growth. Genetic studies of specialized transducing bacteriophages, carried 
out many years ago (Campbell 1971), had shown that the region of the 
genome lying between the J and N genes could be replaced by a variety of 
segments of E coli DNA The detailed analysis of the structure and function 
of these transducing particles became a prelude to the exploration of bac¬ 
teriophage A as a vector Without this detailed knowledge, it is certain that 
the virus would not have been so quickly developed as a vector, and it is quite 
possible that it would not have been developed at all 

Second, during the early 1970s, methods for manipulating sites of cleavage 
by restriction enzymes in the bacteriophage A genome were perfected The 
first of these methods, based on the knowledge of the genetics of restriction 
and modification of DNA by E coli, allowed selection in vivo of derivatives of 
bacteriophage A from which all sites for F?coRI had been eliminated from the 
essential portion of the viral genome By growing the virus alternatively in 
strains of E coli that either possessed or lacked a plasmid coding for EcoRl, 
mutants of bacteriophage A were isolated that contained only one or two 
targets for EcoRl located in the nonessential region of the genome (Murray 
and Murray 1974; Rambach and Tiollais 1974; Thomas et al. 1974). This 
kind of selection in vivo was possible only when the bacteriophage could be 
grown in hosts that synthesized the restriction enzyme of interest, and it was 
necessary to develop alternative methods to obtain vectors suitable for use 
with other restriction enzymes. For example, recombinants between bac- 
tenophage A and other lambdoid bacteriophages (e g., <f>80) were constructed 
that either contained or lacked particular restriction sites. Later, the 
development of procedures for packaging purified bacteriophage A DNA into 
infectious particles permitted vectors with the desired combination of restric¬ 
tion sites to be generated by in vitro manipulation. Bacteriophage A DNA 
was digested with a restriction enzyme, and the surviving molecules were 
packaged into particles in vitro and propagated in E coli. After several 
successive cycles of digestion, packaging, and growth, bacteriophage genomes 
were obtained that had lost restriction sites by mutation while retaining 
infectivity. More recently, sjmthetic oligonucleotides have been used to 
construct specifically designed DNA fragments that are then inserted into the 


Bacteriophage A Vectors 2*9 



bacteriophage A genome Using this method, restriction sites have been 
placed at desired locations with an efficiency far exceeding previous methods 
(Frischauf et al. 1983; Kam et al 1984) Together, these methods have led to 
the development of a large number of vectors that can accept and propagate 
fragments of foreign DNA generated by a variety of different restriction 
enz 3 mies (see, e g, Williams and Blattner 1980) Vectors that have a single 
target site for insertion of foreign DNA are known as “insertion” vectors; 
those that have a pair of sites flanking a segment of nonessential bac¬ 
teriophage A DNA that can be replaced by foreign DNA are known as 
“replacement” vectors 
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CHOOSING THE APPMtOPttEATE BACTEmOPKAGE A VECTOR 

There is no single bacteriophage A vector suitable for cloning all DNA 
fragments It is therefore necessary to choose carefully among the available 
vectors for the one best suited to the particular task at hand. Three obvious 
considerations influence this choice- 

• The restriction enzyme(s) to be employed 

• The size of the fragment of foreign DNA to be inserted 

• Whether or not the vector is to be used to express cloned DNA sequences in 

E coll 

The development of vectors containing multiple cloning sites and the 
availability of a variety of restriction enz 3 Tnes that cleave DNA to produce 
compatible cohesive termini have greatly simplified the mechanics of cloning 
in bactenophage A vectors However, the size of the insert remains an 
important factor to be considered when choosing a vectoiv-IDnly about 60% of 
the viral genome (the left arm, ~ 20 kb in length, including the head and tail 
genes A-J, and the right arm, 8-10 kb m length, from through the cosR 
site) is necessary for lytic growth of the bacteriophage, the central one third 
of the genome can be replaced by foreign DNA However, the viability of 
bacteriophages decreases dramatically when the lengths of their genomes are 
greater than 105% or less than 78% of that of wild-type bacteriophage A, It is 
therefore important to choose a combination of vector and foreign DNA such 
that the size of the recombinant bacteriophage falls within acceptable limits 
These constraints can sometimes be turned to advantage After the central 
“stuffer” portion of some replacement vectors is removed, the deleted genome 
formed by fusion of the right and left arms is too short to be packaged into 
viable particles With such vectors, therefore, there is a positive selection for 
recombinant bactenophages. 

Genetic markers built into the vectors can be used to screen or select for 
recombinant bacteriophages (see Miller 1972) For example, vectors are 
available that carry a segment of E coli DNA coding for j8-galactosidase on 
the stuffer fragment. Such vectors form dark blue plaques when plated on 
lac~ hosts in the presence of the chromogenic substrate 5-bromo-4-chloro-3- 
indolyl-jS-D-galactoside (X-gal) Cloning into these vectors results in replace¬ 
ment of most of the jS-galactosidase gene with foreign DNA The recombinant 
bactenophages may therefore be recognized by their ability to form colorless 
plaques when plated on Zoc~ hosts in the presence of X-gal (see Miller 1972). 

Recombinant bactenophages can be selected genetically in one of two ways. 
One type of genetic selection for recombinant bacteriophages can be used 
when cloning into the bacteriophage A vector AgtlO, which contains a single 
FcoRI site, located in the cl gene. This vector is cH and forms lysogens with 
high efficiency m strains of E. coli carrying a mutation known as hfl {high 
/requency of Zysogenization). In hfl mutants, the product of the bac¬ 
teriophage A cll gene accumulates to much higher levels than usual cll is a 
positive regulator of the cl gene, so that the net effect of the hfl mutation is to 
increase the amount of the cl repressor in the infected cell. Lytic growth of 
bacteriophage A is curtailed, and the bacteriophage genome enters the 
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lysogenic state with very high efficiency However, if the cl gene has been 
inactivated by insertion of foreign DNA, the growth of the bacteriophage is 
not restricted in kfl cells and the yield of progeny particles is high This 
property is extremely useful when constructing recombinant DNA libraries in 
AgtlO A single passage of such libraries in hfl strains eliminates a high 
proportion of the nonrecombinant bacteriophages from the population and 
reduces significantly the labor of screening the library by hybridization 
For the second selection approach, certain vectors have been designed to 
take advantage of the fact that growth of wild-type bacteriophage A is 
restricted in lysogens carrying prophage P2 This phenotype is called Spi' 
(sensitive to P2 interference) However, strains of bacteriophage A lacking 
two genes involved in recombination (red and gam) grow well in P2 lysogens 
and display the Spi phenotype (Zissler et al 1971) as long as they cany a 
chi site and the host strain is rec' (As discussed below, a c/ii site is a 
substrate for recombination catalyzed by the rccBC systeni) Sevei al vectors, 
such as A2001, ADASH, and the EMBL series (see pages 2 32-2 37), can v the 
red and/or gam genes m the stufFer fragment Replacement of the stuffer 
fragment with a piece of foreign DNA results m recombinant bacteriophages 
that are Spi’ and that grow efficiently in P2 lysogens of E coli (Karn et al 
1980, 1984) Because recombinant bacteriophages outgrow the parental 
vector in these cells, it would seem to be unnecessary to take steps to 
minimize the number of nonrecombinants foimed when constructing genomic 
DNA libraries—for example, by purifying the aims from the stuf'fei frag¬ 
ment In practice, however, physical removal of the stuffer fragment has 
been found to improve the efficiency with which fragments of foieign DNA 
can be cloned and propagated in vectors of this type (Fnschauf et al 1983) 
The multiple restriction sites contained in the polycloning sites of the EMBL 
senes of vectors (and in analogous vectors, A2()()l IKarn ot al 19H4| and 
ADASH ISorge 19881) permit the stuffer fi.igment to be easily tendered 
unclonable by digestion with two diffetent restriction en/ymes (see page 
2 92) Spi bacteriophages show improved growth on stiains of M call 
carrying a recD mutation (Wyman et al 1986) However, such strains do 
not suppress the growth of Spi' bacteriophages and therefore are not used to 
select Spi recombinants 

Maintenance of the red and/or gam genes in recombinants has advantages 
under certain circumstances The product of the red gene is involved in the 
recombination events early in the lytic cycle that resolve viral DNA replicat¬ 
ing in the Cairns or 9 form into closed circular progeny molecules Later, 
these molecules become templates for replication by the rolling-circle mech¬ 
anism, yielding linear oligomers of viral DNA, which are the preferred 
templates for packaging The product of the viral gam gene inactivates the 
potent exonuclease V encoded by the host’s recB and recC genes In the 
absence of the gam gene product, the recBC exonuclease degrades the 
concatenated linear bacteriophage A DNA produced by rolling-circle replica¬ 
tion Thus, in bacteria infected by gam bacteriophage, the only DNA 
molecules available for packagmg are relatively rare, exonuclease-resistant, 
closed circular dimers generated by 0-form replication and subsequent recom¬ 
bination (catalyzed by the products of the bacteriophage A red gene or the 
host recA gene). Bacteriophages that are red~ and gam~ must therefore be 
propagated in recA* hosts in order to allow efficient packaging of their 
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progeny DNA molecules However, the presence of an active bacterial 
recombination system occasionally leads to rearrangements (m particular to 
deletion) of segments of foreign DNA that carry repeated sequences (see, e.g , 
Lauer et al. 1980) To avoid this problem, several vectors have been designed 
that carry the gam gene on one of the arms of the bacteriophage DNA 
Examples of such vectors are Asep6-lac5 (E Meyerowitz and A. Rambach, 
unpubl; see Maniatis et al. 1982 for map) and Charon 32—35 and 40 (Loenen 
and Blattner 1983, Dunn and Blattner 1987) Since each of these vectors is 
red", infected recA cells are phenotypically RecA", RecBC”, and Red”. The 
use of vectors like these has m some instances overcome the problems of 
cloning segments of foreign DNA containing recombinogenic sequences. 

The final genetic factor to consider m choosing a vector is the presence of a 
chi site Wild-type bacteriophage A contains no chi site, but mutants carrying 
an octanucleotide chi sequence were detected as suppressors of the small- 
plaque phenotype that is normally seen when red~ gam~ bacteriophages are 
plated on wild-t 5 q)e E coli Stahl and his co-workers (Stahl et al. 1975; Stahl 
1979) found that chi sequences are preferred sites for recombination 
mediated by the host recBC enzyme The suppression of the small-plaque 
phenotype can therefore be explained by the observation discussed above, i.e., 
that red~ gam~ bacteriophages can package the closed circular dimers 
produced by d-form replication of DNA In the presence of a chi sequence, the 
efficiency of the recombination process that gives rise to these closed circular 
dimers is increased and plaques are formed that are almost as large as those 
formed by red * gam ^ bacteriophages Because most bacteriophage A vectors 
are red ’ gam ~ when the stuffer fragments are removed, recombinants would 
normally be expected to display the small-plaque phenot 3 q)e. However, 
eukaryotic DNAs contain sequences that can mimic chi sites Thus, some 
recombinant bacteriophages will carry insertions of foreign DNA that contain 
chi sequences and others will not. The recombinants that contain chi 
sequences will grow to higher titer, form larger plaques, and become over¬ 
represented during amplificationjjf libraries This problem can be overcome 
by avoiding vectors (such as Charon 28 and 30) that give rise to gam~ 
recombinants that do not contain a chi site These vectors should only be 
used for construction of libraries if the recombinant bacteriophages are 
propagated on recBC~ hosts ^^For construction of genomic DNA libraries, we 
recommend vectors such as A2001, ADASH, AFDC, and the EMBL series, 
which contain chi sites m the arms, or Charon 32-35 and 40, which generate 
red' gam* recombinants All of these vectors give rise to recombinant 
plaques of relatively uniform sizcj 

Recently, bacteriophage A vectofs have been developed that not only permit 
the propagation of foreign sequences, but also allow their expression in 
bacterial cells. The most commonly used vector of this sort is Agtll (Hujntih 
et al 1985), which carries a portion of the E coli j8-galactosidase gene, 
including the upstream elements that are essential for its expression. Within 
the carboxy-termmal coding region of this gene is a single EcoRI site into 
which foreign DNA can be inserted Agtl8-23 are derivatives of Agtll that 
can accept larger inserts and that allow the use of up to four additional 
restriction enzymes (Han and Rutter 1987, 1988). In appropriate lytic or 
lysogenic hosts, the chimeric gene can be induced, resulting in the synthesis 
of a fusion protein consisting of the amino-terminal portion of the )3-galac- 
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tosidase gene fused to sequences encoded by the downstream open reading 
frame cDNA libraries constructed in Agtll and Agtl8-23 may be screened 
immunologically for expression of specific antigens in E coli This approach 
has been remarkably successful and has led to the isolation of many genes 
coding for proteins for which no probes other than specific antisera were 
available. A more recently developed bacteriophage A expression vector, 
AORF8 (Meissner et al 1987), has also been used successfully (M Berman, 
pers comm) 

A number of other genetic factors that may have a minor influence on the 
choice of a vector are summarized in Table 2 1, page 2 16 


2»14 Bacteriophage A Vectors 



MAPS OF BACTERIOPHAGE A VECTORS 


Maps for each of the bacteriophage A vectors discussed m detail in this 
chapter are shown on the following pages. The order of the information on 
each page is (from top to bottom): 

• The locations of the restriction sites and the positions of the genes of 

wild-type bacteriophage A DNA 

• A map of the particular vector 

On the vector map, the regions derived from bacteriophage A DNA are 
shown by a line whose thickness is the same as that used in the wild-type 
map Specific mutations (such as Warn or cfrs857) are indicated above the 
vector map. Substitutions are shown as black boxes Deletions are indicated 
by triangles above the map. The restriction sites present m the vector are 
shown below the vector map The numbers given are the best estimates 
available for Charon 4A and 21A; AgtlO, Agtll, and Agtl8-23, EMBL3, 4, and 
3A; A2001, and AORF8 The restriction site locations for Charon 32-35 and 
40, AZAP, ADASH, and AFDC have been determined precisely Useful cloning 
sites are shown in bold. Polyclomng sites are shown as “pitchforks” below the 
vector maps Promoters that can be used for transcription of cloned DNA 
(bacteriophage T3 and T7 promoters) are indicated by arrows 

A description of many of the genetic markers used in bacteriophage A 
vectors is presented in Table 2 1. 
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TABLE 2.1 Genetic Markers and Stutter Fragments Used 
in Bacteriophage A Vectors 


lacZ' 

/ac5 

trpE 

bio 

foio256 

immSO 1 
QSR 80 j 

i mm 434 
imm 21 
1 / 1(29 
62 

61007 . 

6527 

6189 

KH52 

KH53 

KH54 

nin5 


/iinL44 


WL113 


s/i/idIIlA2-3 

sxixr 

Mouse stuffer 
E coll stufier 
lac operator i- 
adenovirus 
DNA 


Substitutions from the lac, trp, and bio regions of E loli 


Substitutions from bacteriophage </>80 

Substitution from bacteriophage (/>434 
Substitution from bacteriophage 021 
Substitution from bacteriophage 029 

Deletions of the 6 region that damage the atl site and theielore pi event l\s(>geni/*itioii 


A deletion in bacteriophage 080 DNA 

A deletion in the region of bactenophage 080, analogDiis to li.ictiMioph.igc A (1 1h.it olv 

prevents lysogenization 

A deletion in the /ejcti legion that eflectivelv pn‘vcnts Ksogi^ni/ation 

A deletion that removes the tiansciiption ttMmin.ition site /,< and thi'iehv lenders delaved earlv 
transcription independent of the N gene product 

A deletion that lemovevS the tiansciiption terrnm.ition site and then*l»v nruieis dil.ived isulv 
transcription independent of the N gene ptoducl and. m addition unnoces the sit* ne.ir 

the ral gene 

A 1 3-kb deletion extending from the Sa/l site .it dd 240 to the /fo/zilll site .it U ^lOO that leaves 
gam intact and removes kil, fill, ss6, and ru/ (Loenen and Hl.ittni'i lOHli 

A 0 5-kb deletion extending from the fust .SV//I site to the second SVi/I site ih.it n‘nio\es ^a/n and 
part of hel 

A 2 3-kb deletion extending fiom the second to the thud f Jin dill site in hactei mph.ige A that 
removes part of the b region 

A 0 5-kb deletion created hy digestion with Xbetl foIlo\M‘d hy teseition v\ith .in exoniK least* (Ilan 
and Rutter 1987 1988) 


DNA in a vector th.it is ri*pl.iced in th(* ii conihin.irits ([,(» m n .md lit ittiu i lUHti 


Bluescript M13 - 

laiY lacZ laiPO 
/ac/“’ arnp' 

Aam 
Bam 
Bam 
Warn 
gam am 

mfam 

Sam7 1 
BamlOO J 

cl(s857 

chi 

gam 


exQ bet {red } 


A phageinid incoipoiated in AZAP th.it can he* ixcisid in vi\r) l)\ iiifution with an MI \ h<4pt i 
bacterloph.ige (Short et al 1988, Stratagem* (doning Svsti nisi 

lai and omp incoipoiated in AORFH (Meissnm et al 1987 M Beinian, ptrs toinni ) 


Amber mutations that arc^ suppressible by ^upE and/or supF 


An amber mutation in int that was created when the site in int was destroyed 

Amber mutations in a gene involved in lysis of the bacteiial cell membrane The mutations are 
suppressed by i^upF (but not swpB) The absence of the wild-type S gene product leads to an 
intracellular accumulation of infectious bacteriophage particles 

A temperature-sensitive mutation that renders the cl gene product theimolabile 

Specialized octanucleotide sites that promote directional recombination in bacteriophage A 

The gam gene codes for an inhibitor of the E coli recBC exonuclease, thereby allowing an efficient 
transition from 0-type DNA replication to rolling-circle replication The gam gene product is 
important for the growth of bacteriophage A on recA strains (Fee phenotype) and recA' strains 
that are lysogenic for bacteriophage P2 (Spi phenotype) 

exo bet are the two genes located in the red region of bacteriophage A {red is used to indicate 
either or both of these genes) The gene products are involved in recombination during 
conversion of the 0-form of replicating DNA to the rolling-circle form They are important for 
growth of bacteriophage A on recA strains (Fee phenotype) and on recA* strains that are 
lysogenic for bactenophage P2 (Spi phenotype) 
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48500 nmd 


.sosooxhot 

. 33240 $8it 


^ 31780 a»Bt 
^ 31620 3m«l 


' 27960 0«mHl 
- 27480 HfntiW 


^ 26250 Pwil 
o 26100 EcoRI 

- 25160 HlnOlli 

- 24780 3»cl 
24510 Xtei 


- 22430 OgM 
'' 223S0 SamHI 


\ JOSO 

13 H .'0 WiniHt 

n-iso ‘.I. I 


llHqO tfij/ll 
11H 10 hp/jl 


- 36170 Fconi 

- 36010 B0(n 
'‘36750 0081 
• 30100 008 I 

- 37460 HAidlll 
> 30900 Hmn 

^ 36790 PVWl 
' 36710 00ftl 


HkiiHI 

\t>t) in ninrint 
josinn i( I 
iminHirnHI 


1 'O 1(1 

Hijfll 
'll) 1 0 HqIU 
KiOKi / w;l 
( I'if-d M(//ll 


42OS0/II 



Charon 4Ay 21Aj 32^SSy and 40 

The Charon bacteriophages are replacement vectors designed for cloning large fragments 
of DNA The more recently constructed Charon vectors (Charon 32-35 and Charon 40) 
accept larger DNA fragments and have more useful restriction sites than those con¬ 
structed earlier (Charon 4A and Charon 21A) Charon 40 is unique in that its staffer 
consists of small DNA fragments, polymerized head-to-tail, that can be digested by a 
single restriction enzyme (Noel) The resulting small pieces of DNA can then be removed 
simply and efficiently by differential precipitation with polyethylene glycol (Dunn and 
Blattner 1987) 

Charon 32-35 and Charon 40 recombinants retain gam (except if the SaZI sites are 
used in Charon 32) This allows growth in recA~ hosts and, in fact, reduces recombina¬ 
tion to an extremely low level because the gam gene product inhibits the E cob recBC 
nuclease The Charon bacteriophages can be used to screen recombinant libraries by in 
vivo recombination (Seed 1983) 


Charon 4A 

Charon 4A is used chiefly as a substitution vector to construct genomic libraries of 
eukaryotic DNA Typically, fragments of genomic DNA, obtained by partial digestion 
with frequently cutting restriction enzymes and fitted with EcoBl linkers, are substituted 
for the two EcoB.1 stuffer fragments in the vector (6 9 kb and 7 8 kb) The £7coRI sites 
used for cloning are located in the lacZ gene (left arm) and the bio operon (nght arm) 
Recombinants are therefore Lac Bio’ Spi selection cannot be used for recombinants 
because the vector is Spi ’ 

Charon 4A contains a single X6al site that can be used to clone DNA fragments up to 
6 kb in length The amber mutations m genes A and B allow this vector to be used for 
screening recombinant libraries by in vivo recombination (Seed 1983) These amber 
mutations require the use of supE or supF hosts for propagation The host must also be 
rccA" because the vector is red' gam 

GENOTYPE 

AAam32 Baml /ac5 bio256 KH54 srlA4° ninb QSR 80 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA' hosts 
Spi selection 
Recommended hosts 


Aam32, Rami 
supE or supF 
KH54,nm5 
Zac5, bm256, QSR 80 
no 

red' gam~ 
red gam 
probably 
no 
no 

LE392 


CLONING SITES 





Size (kb) 




Insertion/ 





Site 

substitution 

left arm 

right arm 

insert 

Recombinants 

£co RI 

Substitution 

19 5 

no 

7-20 

Lac" Bio' 

Xbal 

Insertion 

24 8 

20 5 

0-6 

Lac^ Bio^ 


REFERENCES 

Blattner et al (1977), Williams and Blattner (1979), de Wet et al (1980) 
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^BSOOntnd 


-44«TOCcoW 
- 44140 


- 41730 


‘ 30600 S(n«l 

> 36170 e(»Rt 
: 36810 60ffl 

' 38750 Boill 

- 38100 B0 

> 37460 Himin 

- 36900 HMM 


- 34500 d<mHI 


- 32750 Sa/I 


/ 86250 

- 26100 Seofll 

- 25160 HlrulAW 
-24760 8401 

^ 24510 XbA\ 


- 23130 HtndW 

- 23430 BgH\ 


- 21230 eccfw 




-16400 8mflt 
-■ 16560 K)»il 


• 17050 Kpn\ 


“ 11930 m 


i^Jr 


"OeiOfiainHl 








Charowa^ 21A 


Charon 21A is used mainly as an insertion vector to clone DNA fragments up to 9 kb in 
length Spi selection cannot be used because the vector is Spi“ The host must carry supE 
or supF, because the W and E genes of the vector carry amber mutations This vector can 
be used to screen recombinant libraries by in vivo recombination (Seed 1983) 


GENOTYPE 

AWam403 EamllOO 61007 srIA3° immSO KH53 KH62 srlA4° mnS s/indIIlA6° srlA5° 

GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red Jgam status of recombinants 
chi site present in recombinants 
Propagates on recA“ hosts 
Spi selection 
Recommended hosts 


CLONING SITES 


Site 

Insertion/ 

substitution 


Size (kb) 


left arm 

right arm 

insert 

Eco RI 

Insertion 

21 2 

20 7 

0-9 

TfmdIII 

Insertion 

23 1 

18 8 

0-9 

Xkol 

Insertion 

29 8 

12 1 

0-9 

Sail 

Insertion 

33 7 

82 

0-9 

£^coRI + HmdIII 

Substitution 

21 2 

18 8 

0-11 

£^co RI +Xho\ 

Substitution 

21 2 

12 1 

4 7-17 7 

Hindlll +Xhol 

Substitution 

23 1 

12 1 

2 3-15 3 


Wam403, £amll00 

supE or supF 

61007, KH53,KH62,m/i5 

immSO 

no 

red~ gam~ 
red ” gam ~ 
probably 
no 
no 

LE392 


REFERENCE 

Williams and Blattner (1980) 
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-46600 Rend 


--MWOecoRl 
J - 44140 Hjndlll 

o 



41730 aifAHI 


-39890 5mfll 

-39170 ecoRI 

=- 38810 BglU 
' 38760 epill 
-38100 6041 

- 37460 Wndlll 

-38900 Wndlll 


_. 35700 Pvwl 

35710 69fll 

§1-34600 6«mHI 

Tl 

ij-.33500X001 

- 33240 San 

rf-32760 Sofl 


31760 6 coRI 
31620 Smt 


J- 27 S 8 O 0 flmHl 

I-27480 W/odlll 


_^ 26250 Pwl 

-26100 a»Ri 

-25160 HJ/kHH 

=:r 24780 Sad 
'24S10Xbal 


-23130 Windlll 

- 22430 60/11 

^ 22350 BamHl 

-21230 StfoHl 


T-19400 Smal 

I -1B560/<prtl 


I - 17050 Hpnl 


r- - 4ia00 HlMid 





' SiTI |l 

ihflhn 

«i JU) 

V)'inn 

it wo Hinil II 

nrwf) wiiii 
i n io s i/i 
1 ‘I in ' i/i 


—-31930 fcoRI 

III nil f hi 

-30520 HmdIIl 


HI t flj/ll 
>1 111 / Ml 

-26990 Sad 


Mj (j fl(j/li 

2JHlfl f I Ml 

UNO M(;;il 
‘ l‘) lO I r .HI 

II 0 Hi;iii 


19970 //mdlll 
19170 ft. OR I 


IM lid 


1 mi Hi i( 


'’ 8510 BwnHI 


Ml 


■'4206^ { 




- 420 00/II 




Charon 32 

Charon 32 is one of several vectors designed to permit the cloning of large DNA fragments 
(up to 19 kb) and to allow propagation in recA~ E call DNA fragments with EcoRl ends 
replace a 12 5-kb stuffer fragment of mouse DNA The left arm (19 5 kb) contains 100 bp 
of lac DNA The right arm (119 kb) carries bacteriophage A DNA from the third natural 
bacteriophage A jBcoRI site to the right end with two deletions (KH54[rcx“ cl”] and nin5) 
and mutated EcoRl and if in dill sites Charon 32 can also be used as a i/indlll 
substitution vector or as an insertion vector to clone fragments up to 9 kb in length in the 
unique Sad site The vector and recombinants are able to grow m recA' hosts because 
they carry gam There is no selection for recombinants 

It IS also possible to use this vector as a substitution vector for EcoRl-Sall, Sall-Xhol, 
and ^coRI-SamHI fragments In these cases, the recombinants must be propagated on 
recA^ hosts because gam is lost However, Spi selection for recombinants can be used for 
these substitutions 


GENOTYPE 

ksbhlXV lac5 srl lacZ {mouse DNA) srlA3 KH54 nin5 s/indIIlA6° srlA5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red/gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA " hosts 
Spi selection 
Recommended hosts 


no 

no 

KH54, nin5 

12 5-kb mouse stuffer 

no 

red gam ^ 

red gam ^ 

no 

yes 

no 

LE392 


CLONING SITES 


Site 

Insertion/ 

substitution 


Size (kb) 


left arm 

right arm 

insert 

EcoRl 

Substitution 

19 5 

119 

8-19 

Hindlll 

Substitution 

20 0 

13 3 

5-18 

Sacl 

Insertion 

27 0 

16 8 

0-10 


REFERENCE 

Loenen and Blattner (1983) 
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Charon 33 

Charon 33 is identical to Charon 32 except that the deletion WL113, which extends from 
bacteriophage A SaZI site 2 (33,240) to bacteriophage A BamHl site 4 (34,500), has been 
introduced into the right arm Thus, the left arm is 19 5 kb in length and the right arm is 
10 6 kb, which allows the vector to accept EcoRl fragments up to 20 kb in length Charon 
33 can accept HmdIII fragments up to 19 kb in length and Sad inserts up to 10 kb The 
deletion also allows the vector to be used as an EcoRI-Sall vector that retains gam in the 
recombinants, which allows them to grow on recA'^ hosts 


GENOTYPE 

\sbhl\r Zac5 srl lacZ (mouse DNA) srIA3 AWL113 KH54 mn5 sftndIIIA6° srIA5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red/gam status of vector 
red/gam status of recombinants 
chi site present m recombinants 
Propagates on recA~ hosts 
Spi selection 
Recommended hosts 


no 

no 

WL113, KH54, /im5 
12 5-kb mouse stuffer 
no 

red gam ^ 

red ~ gam ^ 

no 

yes 

no 

LE392 


CLONING SITES 


Site 

Insertion/ 

substitution 


Size (kb) 


left arm 

right arm 

insert 

EcoRl 

Substitution 

19 5 

10 6 

9-20 

Hindlll 

Substitution 

20 0 

12 3 

6-19 

Sad 

Insertion 

27 0 

15 6 

0-10 


REFERENCE 

Loenen and Blattner (1983) 


Bacteriophage A Vectors 2«25 





46800 R«na 


t 44670 l^coFII 
44140 Hfndlll 


^ 30090 6n»t 

- 36170 £eoRi 
: 30010 6001 

^ 38750 Bgm 
-30100 0001 

- 37400 HMIII 

- 36000 H//idl|| 


36760 fVul 
-- 35710 00fll 

-34600 0tmMI 

_33500 Xhol 

-33240 0B/I 

-3275009/1 

_^ 31750 HcoRI 

^ 31620 Smfll 


-87950 0«mHI 

-87450 H/ndlll 


_^ 20250 Pwl 

-28100 £ct>RI 

-26180 W/ndlll 

24780 0991 
^ 24610 Xteii 


-23130 /^/nddl 

— 24430 00A1 
^ 22350 0a9iKI 

-21230 £«)RI 


- 19400 Smal 

- 18560 KpnA 


' I-170S0 KprA 


--11930 PwA 


1^420 0081 



Charon 34 and, Charon 35 

Charon 34 and Charon 35 allow the cloning of large DNA fragments (up to 21 kb) using 
any of six restriction sites located in polycloning sites in opposite orientations at the ends 
of stuffers The only difference between these vectors is the source of the stuffer To 
choose between these two vectors, one should consider the restriction sites within the 
stuffer that may influence the efficiency of separation of the arms from the stuffer 
fragments All of the recombinants will retain ^am, allowing growth on recA~ hosts The 
polyclomng-site sequence is 

GAATTCGAGCTCGCCCGGGGATCGATCCTCTAGAGTCGACCTGCAGCCCAAGCTTGGATCC 

I-II-1 I-1 I_II_II_I I_II_I 

EcoRI Sac\ Sma\ Xba\ Sa/I Pst\ H/ndMI SamHl 


Charon 34 
GENOTYPE 

\sbhlXl° lac5 srI lacZ (polycloning site-E coli DNA-polyclonmg site) srlA3 AWL113 
KH54 nm5 s/indIIlA6° srlA5° 

GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA hosts 
Spi selection 
Recommended hosts 


CLONING SITES 




Insertion/ 

substitution 


Size (kb) 


Site 


left arm 

right arm 

insert 

Bam HI 
EcoBl 
//mdlll 
Sacl 

Xbal \ 


Substitution 

19 5 

10 6 

9-20 

Sail 

Sail + EcoRl 
Sail + Sacl 
Sail + Xbal 

Substitution 

i 

19 5 

96 

10-21 


no 

no 

WL113, KH54, ninb 
16 4‘kbE coll stuffer 
no 

red gam ^ 

red gam' 

no 

yes 

no 

LE392 


REFERENCE 

Loenen and Blattner (1983) 
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46900 Bwd 


- 44140 HJWIH 


- 39170 EtioRI 
>38810 00111 
^ 38790 6^1 

- 38100 09fl1 

- 37460 WMIII 
38000 H/rtdlll 


^ 31760 ewRI 
31820 Smat 


- 27980 eamHI 
> 27480 


.26290 Pwl 
- ^100 


-36140 San 

-35150 EcoRI 

-35140 Sad 

— tin il 

-35130 Xbol 

-35120 San 

-35100 Hmaw 

-35090 BnmHI 


- 25160 MmllH 
-24760 Sad 
^ 24510 X8al 


^n<io fldii 
> 19 ‘K) Ft fHl 


- 22490 HoAl 

22360 BamHI 


> Killd (J ifTiHt 
V«» f riiHI 
*M1(» niil 


■ 195^0 HomHI 

- 19520 Nyfidlll 
-19500 San 

- 19500 Xdil 

jffi II 

-19480 Sad 

- 19470 EcoRi 


Charon 35 
GENOTYPE 

As^/ilAl*^ lac5 srl lacZ (polycloning site-J? coli DNA-polyclonmg site) 5rlA3 AWL113 
KH54 nin5 s/indIIlA6° srlA5° 

GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present m recombinants 
Propagates on recA hosts 
Spi selection 
Recommended hosts 


CLONING SITES 




Insertion/ 

substitution 


Size (kb) 


Site 


left arm 

right arm 

insert 

Sam HI 

BfoRI 

//mdlll 

Sad 

Xbal . 

Sail 

1 

Substitution 

19 5 

10 6 

9-20 

Sail + Eco RI 
Sail + Sad 
Sail ^ Xbal \ 

Substitution 

19 5 

96 

10-21 


no 

no 

WL113, KH54, mn5 
15 6-kbJS coll stuffer 
no 

red gam ^ 

red gam ^ 

no 

yes 

no 

LE392 


REFERENCE 

Loenen and Blattner (1983) 
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(29590) Rwd 



(19950) EcoRI 
.(199S0) Sac\ 
.(19950) Kpnl 
-(19940) Smfll 
-(19920) Xbfll 
-(19920) Sail 
-(19900) 

.(19890) Not\ 
(19890) Xmolll 
(19890) 
.(19080) Spel 
.(19B70) X/iol 
.(19850) Apa\ 
-(19840) 0nmH1 
-(19030) SffI 
-(19820) Nool 


Xinilll 

Xrriilll 


-19320 Wnol 

-19)10 sm 

— 19290 0/imHI 
-19290 Aptt\ 

— 10200 X/iol 

— I92b0 

— 19250 AvrII 

— 19210 Xmalll 

— 19240 Notl 

— 19240 H/ndlll 

— 19220 Sail 

— 19210 XP«i 

— 19200 Smal 

— 19200 Kpnl 

— 19190 Sad 
—19180 EcoRI 


o 
c 

s 

S 

o 





iJhjmran 40 

Charon 40 is designed to accept large inserts (9 2 kb to 24 2 kb) and to provide many 
useful restriction sites (16) in inverted polyclomng sites at opposite ends of the poly- 
stuffer The polystufFer, small DNA fragments pol 5 rmerized head-to-tail, greatly facili¬ 
tates removal of the stujEFer from the arms The polystuffer is digested with a single 
restriction enzyme, Nael, which cleaves the polystuffer into small pieces These small 
fragments can then be removed simply and efficiently by precipitation with polyethylene 
glycol (Dunn and Blattner 1987) Recombinants retain the^am gene, which allows their 
propagation on recA E coli 

The locations of restriction sites are presented for Charon 40 canying a two-copy 
polystuffer In the right polyclomng site and right arm, the positions of the restriction 
sites are indicated in parentheses because these numbers obviously depend on the 
number of polystuffers present 


GENOTYPE 

A&6/ilAl° saplAl° sklW sfelA2° ssmlAl (polyclomng site-polystuffer-polyclomng site) 
‘?,s7lA2 AWL113 KH54 ssmlXS^ nin5 s/mdIIlA6° srlA5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 

Insertions 

red/gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA hosts 
Spi selection 
Recommended hosts 


no 

no 

WL113, KH54, nin5 

polystuffer {lac operator H- adenovirus DNA fragment) 
~80x 
no 

red ~ gam'' 

red ” gam 

no 

yes 

no 

LE392 


CLONING SITES 



Insertion/ 


Size (kb) 


Site' 

substitution 

left arm 

right arm insert 

Recombinants 

£?coRI, Apal 
Xbal Sfil 
Sad, Avrll 
Sail, Spel 
Hindlll, Xhol 
BamHl, Nael 
Kpnl, Notl 
Smal, Xmalll 

‘ Substitution 

19 2 

9 6 9 2-24 2 

Most plaques 

are recombinants 
Stuffer fragments 
are efficiently 
removed 


'"The sites are not necessarily used as the pairs listed One or two sites can be used, each site 
could be employed with any other site 


REFERENCE 

Dunn and Blattner (1987) 


Bacteriophage A Vectors 2«3]. 



48600 n*nd 


. 38170 ftoRl 

- 38010 i90fll 
^38760 OpBI 

38100 

- 37400 Hlntm 

- 36000 N/MIII 


^ 35790 Pvul 
' 36710 ftO/H 


^31750 ECORl 

31620 Smal 


- 27980 

- 27480 WndHI 


^26250/Vul 

" 26100 EeoRI 

- 25180 H^ndlH 

- 24780 3flCl 
^ 24610 AiMt 


- 22430 80AI 
22360 a«mHI 


-33120 Sun 
-3 1120 BiimHI 
-33110 frtiRI 


- I'i'J'jO tioRI 
-1'J'J40 BimHI 
-miJ4Q Sail 


EJUBLS^ EMBL4f aiul EMBL3A 

The EMBL vectors are replacement vectors used for cloning large (up to 20 kb) fragments 
of genomic DNA These vectors are particularly useful for cloning SauZM partial digests 
as the Barrim sites m the vectors are flanked by EcoRl and Sail sites Cloned fragments 
can therefore be excised from the recombinants by digestion with SaZI or ScoRI 
Recombinants are Spi and thus can be selected on a P2-lysogenic host EMBL3A carries 
two amber mutations, allowing selection of DNA sequences linked to supF 
The polyclonmg-site sequence is 

GGATCTGGGTCGACGGATCCGGGGAATTCCCAGATCC 

!_II_I I _I 

Sa/I BamH\ EcoB\ 

In EMBL3 and EMBL3A, the pglycloning sites and stuffer are as shown in the 
EMBL3A map SaZI, BamHl, EcoRl-stuffer-EcoRl, BamUl, Sail In EMBL4, the 
polycloning sites are reversed EcoRI, BamHI, SaZI-stuffer-SaZI, BamHI, EcoRl 

GENOTYPE 

A(Aam32 Baml [m EMBL3A only]) s6/ilAl° 6189 {polycloning site int29 TiinlA4 trpE 
polycloning site) KH54 chiC srlA4° ninb srlA5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red/gam status of recombinants 
chi site present in recombinants 
Propagates on recA hosts 
Spi selection 
Recommended hosts 


no (EMBL3, EMBL4), Aam32, Baml (EMBL3A) 
no(EMBL3,EMBL4), sapF (EMBL3A) 

6189, nmL44, KH54, ninh 

trpE 

no 

red ^ gam ^ 

red gam ~ 

yes 

no 

yes 

NM538 

NM539 


CLONING SITES 



Insertion/ 


Size (kb) 



Site 

substitution 

left arm 

right arm 

insert 

Recombinants 

SaZI 1 
Bamm 
EcoRl J 

Substitution 

19 9 

88 

7-20 

Spr 


REFERENCE 
Frischauf et al (1983) 
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2001, XDASJff, avtii \FTX 

A2001, ADASH, and AFIX contain multiple cloning sites m polycloning-site sequences that 
are inverted with respect to each other Large DNA fragments can be cloned in these 
replacement vectors. Inserts that destroy the Xhol or BamiLl sites can be excised at 
flanking sites The right arm of each carries a. chiC mutation that facilitates growth The 
red gam region is lost in the recombinants, so Spi selection can be used in hosts lysogenic 
for bacteriophage P2 

ADASH and AFIX are identical, apart from their polycloning sites These bac¬ 
teriophages have bacteriophage T7 and T3 promoters in the polycloning sites. Thus, RNA 
probes can be synthesized without subcloning, and chromosome walking is made easier 


X2001 

A2001 contains multiple cloning sites (Xbal, Sacl.Xhol, BamHI, Hindlll, and£?coRI) and 
is used to clone large (10 kb to 22 kb) DNA fragments The polycloning-site sequences are 
inverted with respect to each other Inserts that destroy the Xhol or BamBl site can be 
excised at flanking sites EcoRl and Hindlll sites in the right arm of bacteriophage A 
have been mutated The right arm carries a chiC mutation that facilitates growth on rec ^ 
hosts 

Spi selection can be used because the red gam region is lost in the recombinants A 
host lysogenic for bacteriophage P2 is used to select for recombinants 
The polyclonmg-site sequence is 

TCTAGAGCTCGAGGATCCAAGCTTGAATTCTAGA 

I_I 1_II_ I I_I 

1_Ifl_ \BamH\ HindWW _ } Xbal 

Xba\ e ’ 1 Xrto! EcoRI 

Sacl 


GENOTYPE 

As6/ilAl° 6189 (polyclonmg site srlA3° ninL44 bio polyclonmg site) KH54 chiC srIA4° 
nin5 s/indIIlA6° srlA5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA~ hosts 
Spi selection 
Recommended hosts 


no 

no 

6189, mnL44, KH54, mn5 

hio 

no 

red ^ gam ^ 

red ~ gam ~ 

yes 

no 

yes 

NM539 


CLONING SITES 



Insertion/ 

substitution 


Size (kb) 



Site 

left arm 

right arm 

insert 

Recombinants 

Xbal 

Sacl 

Xhol 

Barnm 

HmdIII 

jBcoRI 

Substitution 

20 

9 

10-22 

Spi" 


REFERENCE 
Karn et al (1984) 
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XDASH ckimI XFLX 


abash contains multiple cloning sites (X&al, Sail, EcoRl, BamHI, HmdIII, Sad, and 
Xhol) and is used to clone large (9 kb to 22 kb) DNA fragments The polyclonmg-site 
sequences are inverted with respect to one another Inserts that destroy the Xhol or 
BamHI site can be excised at flanking sites The bacteriophage T3 and T7 promoters 
adjacent to the polycloning sites allow RNA probes to be made without subcloning This 
simplifies chromosome walking, since subcloning into plasmids is not necessary 
EcoRl and Hmdlll sites in the right arm of bacteriophage A have been mutated The 
right arm carries a chiC mutation that facilitates growth on rec^ hosts Spi~ selection 
can be used because the red gam region is lost in the recombinants A bactenal host 
lysogenic for bacteriophage P2 is used to select for recombinants 

AFIX is similar to ABASH but has different polycloning sites Xbal, Sad, bacteriophage 
T7 promoter, Sail, Xhol, EcoRl, Xbal-stuSev-Xbal, EcoRl, Xhol, Sail, bacteriophage T3 
promoter, Sad, Xbal 

ADASH 

GENOTYPE 

\sbhlW fel89 (T3 promoter-polycloning site srlA3° ninlA4 bio polycloning site-T7 
promoter) KH54 chiC srlA4° nin5 shndlll\6° srl\5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red/gam status of vector 
red/gam status of recombinants 
chi site present in recombinants 
Propagates on recA ‘ hosts 
Spi selection 
Recommended hosts 


no 

no 

6189, nmL44, KH54, ninb 
bio 

bacteriophage T3 promoter in left polycloning site 

bacteriophage T7 promoter m right polycloning site 

red^ gam^ 

red~ gam' 

yes 

no 

yes 

NM539 


CLONING SITES 



Insertion/ 

substitution 


Size (kb) 



Site 

left arm 

right arm 

insert 

Recombinants 

Xbal 

Sail 

£co RI 

BamHI 

ifmdIII 

Sad 

Xhol 

Substitution 

20 

9 

9-22 

Spr 


REFERENCES 

Sorge (1988), Stratagene Cloning Systems 
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— 49600 R«fKl 


•'44070 eeofti 
~ 44140 HMIU 


- 41730 BiunHt 


*39000 Srnil 

* 30170 £6oRl 
: 96S10 6091 
^39760 6091 
*30100^091 

- 97460 Wndlll 

* 36000 HinilW 


^ 35700 Pwl 
^ 36710 epfll 

' 34500 aimHi 

^ 33500 X 001 
- 33240 $i9 

-33750 SoA 

^ 31750 £coR< 
^ 31620 Smat 


•* 27060 aamHt 
- 27490 W/iJdMI 


/ 26250 fVul 

- 26100 ecoRi 

' 25150 HM 
: 24760 Sact 
^ 24510 Xbi\ 


- 22430 60 AI 

^ 22350 OamHI 

- 21230 enM 

-19400 Snuil 

- 19560 Kpn\ 

-1705010OTI 


-69i05anHI 



XFIX 

GENOTYPE 

ksbhlW 6189 (T7 promoter-polycloning site srIA3° 7imL44 bio polycloning site-T3 
promoter) KH54 chiC srlA4° ninb s/indIIIA6® srlA5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red/gam status of recombinants 
chi site present in recombinants 
Propagates on recA~ hosts 
Spi selection 
Recommended hosts 


no 

no 

6189, ninL44, KH54, ninb 
bio 

bacteriophage T7 promoter in left polycloning site 

bacteriophage T3 promoter in right polycloning site 

red ^ gam ^ 

red ~ gam ^ 

yes 

no 

yes 

NM539 


CLONING SITES 



Insertion/ 

substitution 


Size (kb) 



Site 

left arm 

right arm 

insert 

Recombinants 

Xbal 
Sad 
Sail 
Xhol 
Eco RI 

Substitution 

20 

9 

9--22 

Spi" 


REFERENCE 

Stratagene Cloning Systems 
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48500 


t 44B70fCoRl 
44140 Mil 


41730 8JmHI 


38000 Smil 


-38170 EcoRl 

36810 dglll 
^ 38760 Befll 

-36100 esfli 

-37400 Wndlll 

-36900 Mil 


_^ 36700 Pvul 

-- 36710 ?glll 

-34600 S<mHi 

_.33500 XOol 

-33240 SaA 


H 31750 £<»Rt 
31620 $m«| 


§~— 279W awiHI 
1-27480 Wndlll 


_^ 26250 PWiI 

-26100 ffcoBI 

-25160 Mill 

=::r 24760 Snd 
' 24510 Xba\ 


— 82430 Bgfll 
^ 22350 flemHI 

-21230 £coRI 

19400 Sma! 
-1BS60 Kp/Jl 

-17050 m 


11830 Pvul 


-851D8amHl 





A^IO IS designed for cloning small (—6 kb) cDNA fragments into the unique EcoRl site in 
the immunity region This vector is often used when the amount of foreign DNA is 
limited Clonir^ efficiency is high, and recombinants can be selected on an E coli strain 
carrying the hflAlbO mutation because the recombinants are cl“ cl*^ bacteriophages 
lysogenize very efficiently on an hflA strain, and plaque formation is suppressed cl“ 
recombinants grow normally on this strain Recombinants retain red and gam, which 
allows propagation on recA hosts 


GENOTYPE 

AsrlAl° 6527 srlA3° immAM (srI434'") srl\4° srlA5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red/gam status of recombinants 
chi site present in recombinants 
Propagates on recA~ hosts 
Spi selection 
Recommended hosts 


no 

no 

6527 

imm434 

no 

red ^ gam ^ 

red ^ gam ^ 

no 

yes 

no 

C600 (BNN93) to propagate vector 
BNN102 (CGOO/i/ZA) to screen for recombinants 


CLONING SITES 



Insertion/ 


Size (kb) 



Site 

substitution 

left arm 

right arm 

insert® 

Recombinants 

RI 

Insertion 

32 7 

10 6 

0-6 

cl' 


“The maximum theoretical size of cDNA that can be propagated in AgtlO is '-•7 6 kb 
However, to allow a margin of safety, cDNA estimated to be larger than ~6 kb should 
be cloned m a vector with a greater capacity (Kaiser and Murray 1985) 


REFERENCE 
Huynh et al (1985) 
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til atUl Xgtl8^2S 

This Agt senes of insertion vectors is designed to express cDNA as a ^-galactosidase 
fusion protein They are often used for immunological screening of either plaques or 
colonies Recombinants are Lac' because the insertion sites are in lacZ The iSamlOO 
mutation allots'propagation and screening in suppressing hosts and intracellular ac¬ 
cumulation of the fusion protein in nonsuppressing E coli The temperature-sensitive 
repressor can be used to control bacteriophage replication and production of fusion 
protein 

To construct AgtlS and Agtl9, the two bacteriophage A Sail sites were destroyed and a 
polycloning site containing a Sail site was introduced at the EcoBl site at the 3' terminus 
of lacZ The polycloning-site sequences are shown on page 2 45 
To construct Agt20 and Agt21, a Sad and Xbal site were eliminated In addition^ a 
synthetic chi site was inserted and a small region in the bacteriophage A sequences 
adjacent to lacZ was deleted In Agt22 and Agt23, a Notl site was added 

In these bacteriophages, cDNA can be cloned in a defined orientation In addition, the 
use of Notl or Sail linkers eliminates the need to methylate cDNA Because Not! and 
SaZI sites occur very infrequently in mammalian DNA, there is little chance that a cDNA 
clone will be cleaved by these enzymes 

\gtll 

Agtll IS a vector commonly used for immunological screening DNA fragments (up to 
7 2 kb) are cloned into the unique jBcoRI site located in lacZ, allowing expression of a 
fusion protein if the cloned sequence is in-frame with lacZ A supF host is used for 
propagation and screening In a nonsuppressing host, the Sami00 mutation prevents cell 
lysis and allows intracellular accumulation of the desired fusion protein The bac¬ 
teriophage carries red and gam and thus can be grown in a recA^ host The temperature- 
sensitive repressor allows control of bacteriophage replication and production of fusion 
proteins 

GENOTYPE 

Alac5 As/indIIlA2-3 srlA3° cRs857 srlA4° ninS srlA5° SamlOO 

GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA' hosts 
Spi selection 
Recommended hosts 


CLONING SITES 



Insertion/ 


Size (kb) 



Site 

substitution 

left arm 

right arm 

insert 

Recombinants 

EcoBl 

Insertion 

19 5 

24 2 

0-7 2 

Lac" 


SamlOO 

supF 

s/indIIlA2-3, ninb 
lac 5 
no 

redgam ^ 

red ^ gam ^ 

no 

yes 

no 

YlOdOhsdR 


REFERENCE 

Young and Davis (1983a) 
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XgtI8 und Xgtl9 

Agtl8 and Agtl9 are derivatives of Agtll and are used to clone cDNA fragments into 
unique EcoRl or Sail restriction sites within lacZ Thus, as with Agtll, the two vectors 
can be used for immunological screening The two natural bacteriophage A SaZI sites 
were destroyed by digesting Agtll with SaZI and then ligating the bacteriophage A arms 
in the presence of an oligonucleotide that does not reconstruct the SaZI sites This 
alteration causes the vector to become red ~ gam " The resulting small-plaque phenotype 
was altered by passing the vector through five generations of growth and picking a 
large plaque Thus, the resulting vector is Spi ~ and probably chi A polyclonmg site 
with SaZI, Sad, Xbal, and EcoRl sites was inserted at the EcoRl site in lacZ Only SaZI 
and RI sites are unique in these vectors The only difference between Agtl8 and Agtl9 
IS the orientation of the polyclonmg site The DNA and ammo acid sequences introduced 
are 



Glu 

Phe 

Ser 

Arg 

Glu 

Leu 

Val 

Asp 

QIn 

Phe 

xgti8 

GAA 

1 

TTC 

_1 

TCT 

1_ 

AGA 

_1 

GAG 

1_ 

CTC 

_ _ 1 

GTC 

1 

GAC 

1 

CAA 

TTC 


EcoRl 

Xba\ 

Sad 

Safl 




Glu 

Leu 

Val 

Asp 

Glu 

Leu 

Ser 

Arg 

Glu 

Phe 

xgti9 

GAA 

TTG 

GTC 

GAC 

GAG 

CTC 

TCT 

AGA 

GAA 

TTC 


I__I I_1 I_I I_I 

Sa/I Sad Xba\ EcoR\ 

GENOTYPE 

\lac5 AsZindIIlA2-3 srlA3° AssZlAl-2 clfs867 srlA4“ ninB srlA5° SamlOO 

GENIETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA hosts 
Spi selection 
Recommended hosts 


CLONING SITES 



Insertion/ 

substitution 


Size (kb) 



Site 

left arm 

right arm 

insert 

Recombinants 

SaZI 1 
£coRI i 

Insertion 

19 5 

23 7 

0-7 7 

Lac" 


SamlOO 

supF 

shndlllk2-Z, 55ZIA1-2, nin5 
Zac 5 
no 

red~ gam' 
red~ gam' 
probably 
no 
no 

Y1090AsdR 


REFERENCE 
Han et al (1987) 
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46500 R«nd 


44070 £cdAf 


- 44140 7/AxOil 


i ’ Hi' H» nd 


41730 AhdHI 


-30600^ 


-90170 fiwRl 

—■ 30610 ^1 
^ 30750 
-98100 

-37460 WflcHll 

-38900 WUftdlll 


H 35790 Pwl 
35710 Sglll 



-34500 B«mHf 

__ 33500 XAol 

-33240 Sail 

-32760 S*fl 

_^ 81750 EeoRI 

-^ 31820 




III! 


I' li II »,;«! 

1 ;tii) /HiJ/ll 
H 100 /iijm 
i 4',HU ffi/i III! 
( tl <1 /till 111! 

HU(n ff'1 till 


% 


!i 


-27980 e^mHl 

-27480 


k 28250 Pwi 
26100 EtioRI 


I-25180 HifldJII 

24780 Sfld 

J " 24510 XKal 


-23130 Wndllf 

-22430 Bcfll 

^ 22350 e«mHI 

— 21230 a»ni 


- 19400 Smal 

- 18560 Kpn\ 



-17050 Kpn\ 


-11030 Pwl 


119 JO Pvu\ 



OSfOatmHI 






5510 SamHI 


!9a KJ TcdHI 
19630 X6iil 

196U0 San 




kgfSSO ceimI kgt21 

Agt20 and Agt21 were derived from Agtl8 and Agtl9, respectively The polycloning-site 
sequences are identical to those in Agtl8 and Agtl9 Two changes were made A synthetic 
chi site was introduced, and a Sad and Xbal site were eliminated These manipulations 
resulted in deletion of about 500 bp in the bacteriophage A DNA to the right of Zac5 This 
allows larger inserts (up to 8 2 kb) than in the Agtl8 and Agtl9 vectors Agt20 and Agt21 
are used for cDNA cloning and immunological screening using any one of three unique 
restriction sites (SaZI, Xfeal, EcoRl) in lacZ The only difference between Agt20 and Agt21 
IS the orientation of the polycloning site The DNA and amino acid sequences introduced 
are 


xgt20 

Glu 

GAA 

1_ 

Phe 

TTC 

_i 

Ser 

TCT 

1_ 

Arg 

AGA 

J 

Glu 

GAG 

Leu 

CTC 

_J 

Val 

GTC 

1_ 

Asp 

GAC 
_1 

Gin 

CAA 

Phe 

TTC 


EcoRl 

Xbal 

Sad 

Saw 




Glu 

Leu 

Val 

Asp 

Glu 

Leu 

Ser 

Arg 

Glu 

Phe 

xgt2l 

GAA 

TTG 

GTC 

GAC 

GAG 

CTC 

TCT 

AGA 

GAA 

TTC 


I_I I_I I_I I_I 


Sa/I Sac\ Xbal EcoRl 

GENOTYPE 

\lac5 AsjclAl'^ chi Aa/indIIlA2-3 srlA3° AssZlAl-2 clte857 srlA4° nin5 srlA5° SamlOO 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA ~ hosts 
Spi selection 
Recommended hosts 


SamlOO 

supF 

s:x:lAl°, s/i7idIIlA2-3, ssZlAl-2, mn5 
lac 5 
no 

red~ gam~ 

red ' gam ~ 

yes 

no 

no 

Y1090/isdi2 


CLONING SITES 



Insertion/ 

substitution 


Size (kb) 



Site 

left arm 

right arm 

insert 

Recombinants 

Sail ] 
Xbal 

Insertion 

19 5 

23 2 

0-8 2 

Lac~ 

£co RiJ 







REFERENCE 

Han and Rutter (1988) 
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\g122 unA \gt2S 

Agt22 and Agt23 are insertion vectors; cDNA fragments up to 8 2 kb can be cloned into a 
polycloning site within lacZ, allowing expression of fusion proteins detectable by immuno¬ 
logical screening The polycloning site inserted at the EcoBl site in locZ contains five 
unique cloning sites Notl, Z6al, Sacl\ Sail, and EcoBl. The two vectors differ only m 
the orientation of the polycloning site. They have been designed to allow directional 
cloning of full-length cDNA clones Cloning cDNA in a defined orientation using the Notl 
and Sail sites minimizes the probability of partial cDNA clones, because these sites are 
seldom found m eukaryotic DNA 

GENOTYPE 

A/ac5 AsjclAl'" chi AsAndIIlA2-3 srlA3° AssnAl-2 clte857 srlA4° nin^ srlA5® SamlOO 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 
Insertions 

red!gam status of vector 
red/gam status of recombinants 
chi site present in recombinants 
Propagates on recA hosts 
Spi selection 
Recommended hosts 


SamlOO 

supF 

s;clAl‘^, s/i/zdIIlA2-3, S5ZIA1-2, nin5 
lac 5 
no 

red ~ gam ' 

red " gam ' 

yes 

no 

no 

Y1090hsdR 


CLONING SITES 



Insertion/ 

substitution 


Size (kb) 



Site 

left arm 

right arm 

insert 

Recombinants 

Notl ' 
Xbal 
Sad' 
Sail 
ScoRI. 

► Insertion 

19 5 

23 2 

0-8 2 

Lac" 


REFERENCES 

Han and Rutter (1987, 1988) 


^ Tr, ™rctnnQ nf these vectors there was an additional Sod site in lacZ If you plan to use the Sacl 

sSe JSrZ Mvr^rv™ from which the extra Sod site has been removed Destruction of the 

mTc^FJeSted m bacteriophages that give nse to very light blue plaques as compared with 
plaques of bacteriophages that retain the Sacl site (J Han, pers. comm) 
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24730 £coRI 
24720 BaniHl 
24700 HindlW 





lUPS 


A0RF8 can be used for construction of cDNA libraries The bacteriophage contains the 
lac operon DNA and amp^ Unique Hmdlll, BamHI, and jEcoRI sites are located in the 5' 
lacZ coding region DNA fragments up to 9 kb m length can be directionally cloned into 
these sites If a coding region is in-frame with lacZ sequences, fusion proteins may be 
expressed Therefore, this vector can be used for antibody screening Recombinants are 
expected to be Lac”" if the cloned DNA is not in-frame with IojcZ or if termination codons 
are present The vector and recombinants with in-frame fusions will be Lac^ The right 
arm contains an amber codon m int at codon 300, has the nin5 deletion, and is imm21 


GENOTYPE 

AsbhlW {lacY lacZ srI lacZ"" pUC8 polycloning sites amp) intam srlA3® 

imm21 5rlA4"’ nin5 shndlll\6° srl\5° 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 

Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA~ hosts 
Spi selection 
Recommended hosts 


mtaxn. 

no 

ninb 

ilacY^y lacZ pUC8 polycloning sites, lacl"^^, amp”"), 

117177121 

no 

red^ gam^^ 

red ^ gam 

no 

yes 

no 

MC1061 
MBM7014 5 


CLONING SITES 



Insertion/ 

substitution 


Size (kb) 



Site 

left arm 

right arm 

insert 

Recombinants 

RI + Ba/raHI 1 
EcoRI + ffmdlll 
BamHI + ffindlll ] 

' Insertion 

24 7 

18 1 

0-9 

Lac' (some Lac^) 


REFERENCES 

Meissner et al (1987), M Berman (pers comm) 
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i 

II 


31760 CboRI 
31620 SnMi 


27880 BsmHI 
27480 Mndllt 


26250 Pwf 
26100 fCORI 

25160 HJndlll 
24780 Sad 
24510 ;Aal 




8910a«nHI 




AZAP IS an insertion vector equipped with multiple cloning sites within plasmid se¬ 
quences that can be excised in vivo and converted to a plasmid vector, Bluescript SK 
(MIS—) The plasmid vector is designed to facilitate DNA and RNA sequencing and 
synthesis of RNA probes utilizing bacteriophage T7 and T3 promoters flanking the cloned 
fragment In addition, unidirectional deletions, site-directed mutagenesis, expression of 
fusion proteins, and production of capped RNA transcripts are all readily obtained 
DNA fragments up to 10 kb in len^h can be inserted in unique Xhol, J5JcoRI, Spel, 
Xhal, Notl, or Sad sites By partially filling recessed termini (see Appendix F), Saa3AI, 
Mbol, Bglll, BamRl, or Hindlll fragments can be cloned The polyclomng site is located 
in the amino-terminal portion of lacZ\ often leading to a Lac phenotype on iso- 
propylthio-jS-D-galactoside/X-gal If the cloned DNA is in-frame with the lacZ sequence, a 
fusion protein may be expressed and detected by antibody screening 

The Bluescript SK (Ml 3-) plasmid carrying the cloned DNA is excised in the presence 
of fl or Ml 3 helper bacteriophages AZAP contains two signals necessary for excision, 
initiator (I) and terminator (T), where fl ( + )-strand DNA synthesis initiates and 
terminates, respectively The orientation of Bluescript in AZAP/R is shown in the map 
In AZAP/L, the orientation of Bluescript is reversed 

AZAPII is equivalent to AZAP except that the SamlOO mutation has been removed 
This change allows better growth of the bacteriophage, which in turn causes plaques to 
become blue much sooner (H Short, pers comm ) 


XZAPIR 

GENOTYPE 

XsbhlXV chiAlSl <T amp ColEl on lacZ’ T3 promoter-polyclomng site-T7 promoter 1) 
5rlA3° cRs857 srlA4° ninb srlAS"" SamlOO 


GENETIC CHARACTERISTICS 

Amber mutations 
Suppressor required 
Deletions 
Substitutions 

Insertions 

red!gam status of vector 
red!gam status of recombinants 
chi site present in recombinants 
Propagates on recA~ hosts 
Spi selection 
Recommended hosts 


SamlOO 

supF 

nin5 

Tamp"" ColEl on lacZ' (bacteriophage T3 promoter, 
polycloning site, bacteriophage T7 promoter) I 
no 

red^ gam^ 
red^ gam^ 
yes 
yes 
no 

BB4(AZAP, AZAPII) 

XLl-Blue (AZAPII) 


CLONING SITES 





Size (kb) 



Site 

inseraoii/ 

substitution 

left arm 

right arm 

insert 

Recombinants 

Sacl 

Notl 

Xbal 

Spel 

BcoRI 

Xhol 

Insertion 

21 8 

18 1 

0-10 

Lac” 


REFERENCE 
Short et al (1988) 
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CHOOSING A BACTEMOAL HOST FOR BACTEFHOPHAGE A VECTOBS 

When using specialized vectors such as bacteriophage Agtll, it is necessary to 
use particular strains of E coli that have been designed to serve as specific 
hosts. Table 2.2 provides descriptions of some of the genetic markers found 
in these strains. The strains themselves are listed in Table 2 3 and are more 
fully described at appropriate places in this manual. 


RestrictUfn cnul MoAUfeation 

For less specialized vectors, there is a wide choice of strains of E coli that 
support the growth of bacteriophage A. All of these strains are derivatives of 
E coll K12, which codes for a restriction enzyme (EcoK) that cleaves DNA 
containing unmodified EcoK recognition sites Although the DNA of the 
vector can be protected by growing the bacteriophage in a modifying strain of 
E coll, the foreign DNA used to construct recombinants will still be vulner¬ 
able to attack by the EcoK restriction enzyme Recombinant bacteriophages 
should therefore be propagated in a strain of bacteria deficient in restriction 
(r^') hsdR~ strains can modify EcoK sites but are defective m restriction 
(r^~ ), hsdS~ strains are deficient in both restriction and modification (r^” 

Amber Suppressors 

At one time, it was mandatory for bacteriophage A vectors to carry amber 
mutations in genes coding for coat proteins. It was believed that such 
mutations might reduce the risk of recombinant bacteriophages spreading 
from the laboratory into field strains of E coli. Hosts for these vectors carry 
one or two strong amber suppressors— supE and supF —that insert 
glutamine and tyrosine, respectively, at UAG codons Note that these 
suppressors are not interchangeable’ Some amber mutations in bac¬ 
teriophage A vectors are suppressed only by supE (e.g, Pam3) and others 
only by supF (e g, Sam7 and iSamlOO) Since the presence of suppressors 
does not affect the growth of bacteriophage A vectors that do not carry amber 
mutations, we recommend the use of a strain of E. coli such as LE392 (supE 
supF hsdR) for routine assay and propagation of bacteriophage A 


Reeombinution Systems 

E coll codes for several pathways that catalyze recombination between 
homologous sequences of DNA. Because the genomic DNA of many 
eukaryotes contains sequences that are ideal substrates for homologous 
recombination, it might be expected that eukaryotic DNAs cloned in bac¬ 
teriophage A vectors would undergo rearrangement during propagation m E. 
coll Fortunately, such rearrangements appear to be rare, even in rec"^ 
strains of E. coli. The few reports of instability (see, e g, Lauer et al. 1980) 
stand m sharp contrast to the multitude of descriptions of cloned DNA 
sequences that have not undergone any detectable rearrangement during 
propagation in E. coli. If rearrangement or deletion of cloned sequences is a 
problem, choose a bacteriophage A vector that gives nse to recombinants that 
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can be propagated in a rec” host (e g, Charon 32-35 and 40 and Asep6-lac5, 
which give rise to recombinants that are red gam ') Recombinants that 
may be vulnerable to rearrangement should be propagated in a host (e g, 
CES201) that is defective in the recA, recBC, and recF pathways rec cells 
are usually enfeebled and will be outgrown by hardier tec ‘ revertants and 
pseudorevertants It is therefore important to use cultures that have been 
freshly grown from single colonies of bacteria and to check that the bacteria 
in the culture are sensitive to ultraviolet light (rec cells are sensitive to 
ultraviolet light because they are unable to repair UV-mduced damage to 
their DNA) (see page 2 96) 

Note It is not advisable to attempt to propagate red ftain recombinants in recA 
recBC strains of E coh Not only do these bacterial strains grow compaiatively poorly, 
but they also produce extremely meagei yields of bacteilophage A particles 
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TABLE 2.2 

supE} 

supF) 

hflA 

recA 

recB\ 

recC] 

sbcA 

sbcB 

recD 

lad 

lacZ 

hsdR 

hsdS 

hsdM 

mcrB 

Ion 

rpsL 

dam 

tonA 

TniO 

pMC9 


Genetic JUnrhers in E. coli Host Stmins 

Bacterial genes encoding suppressor tRNAs for amber mutations supE inserts a glutamine 
residue at the codon UAG, supF inserts a tyrosine 
“High frequency lysogenization ” Absence of the hflA gene product enhances the stability of 
the cll gene product, which in turn results in increased s 3 mthesis of the cl gene product 
Bacteriophages capable of lysogenizmg do so at very high efficiency (>99%) in strains 
carrying the hflA mutation (Belfort and WulfF 1973, Ho 3 i: et al 1982) 

The major bacterial gene involved in recombination by promoting transfer of strands 
between DNA molecules The recA gene product is required for the lytic growth of red 
gam bacteriophage A (for a review, see Radding 1982) 

Bacterial genes involved in recombination They encode exonuclease V, an enzyme that 
inhibits late bacteriophage A replication The bacteriophage A gam gene product inhibits 
the recBC enzyme (Enquist and Skalka 1973) 

Gene involved in the recE recombination pathway The sbcA mutation improves the growth 
of recB mutants (Kushner et al 1974) 

A bacterial gene that encodes exonuclease I, an enzyme that is part of the recF pathway 
The sbcB mutation improves the growth of recB and recC mutants (Kushner et al 1971, 
Leach and Stahl 1983) 

The recD gene product is a component of the recBC enzyme complex and is necessary for the 
expression of the enzyme’s nucleolytic activities (Amundsen et al 1986) Spi derivatives 
of bacteriophage A show improved growth on recD ~ hosts Furthermore, the presence of 
the mutation diminishes the loss from genomic DNA libraries of recombinant bac¬ 
teriophages that carry DNA segments containing inverted repetitions (Wjonan et al 1985, 
1986, Patterson and Dean 1987) 

The E coll lad gene encodes the lac repressor The lacl"^ mutation increases the amount of 
lac repressor made in the cell (Muller-Hill et al 1968) 

E coll gene encoding ^-galactosidase lacZAMlb encodes an enzymatically inactive 
j8-galactosidase lacking ammo acids 11-41 The ammo-terminal fragments of /3-galac- 
tosidase produced by various vectors can associate with the ZacZAMI 5 products to form 
enzymatically active proteins (Beckwith 1964, Ullmann and Perrin 1970) 

Bacterial gene encoding one subunit of the enzyme EcoK, a type I restriction enzyme This 
subunit is responsible for cutting DNA hsdR strains methylate but do 
not restrict DNA (for a review, see Yuan 1981) 

Gene encoding the subunit of the restriction enzyme that recognizes the host DNA 
sequence The h&dS gene product also functions as the site recognition part of the 
methylase hsdS strains are defective in both restriction and methylation (for a review, 
see Yuan 1981) 

Bacterial gene encoding the subunit of E coli methylase that methylates EcoK restriction 
sites The EcoK restriction enzyme does not recognize sites containing methylated 
adenines The hsdS gene encodes the other methylase subunit (for a review, see Yuan 
1981) 

Bacterial gene encoding a restriction enzyme that recognizes AZuI-methylated DNA sites If 
if in dill sites m a vector are protected by methylation in vitro with M Alul methylase, 
mcrB strains should be used (Raleigh and Wilson 1986) 

A bacterial gene encoding an ATP-dependent protease 

Gene encoding a ribosomal protein Streptomycin-resistant mutants have a mutation in 
rpsL 

A bacterial gene encoding the dam methylase, an enzyme that methylates at the N*^ position 
iji the sequence 5' GATC 3^ (Hattman et al 1978) Bell will not cut DNA 
unless the DNA is isolated from a dam'~ strain 
tonA mutants are resistant to bacteriophage T1 infection 

A transposon encoding resistance to tetracycline When TniO resides in an F' episome, 
tetracycline can be used to select cells retaining the F' 

A plasmid encoding lacl'^ ____ 
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Baeteriophuge A Growth^ Purificaiion, 
attd, DNA Extraction 


PLAqUE PVBJUCATION OF BACTERIOPHAGE A 
Preparation of Piating Bacteria 

1. Place 50 ml of sterile rich medium (e g, NZCYM or LB) supplemented 

with 0.2% maltose in a sterile 250-ml flask and inoculate with a single 
bacterial colony Grow the culture overnight at with moderate 

agitation (250 cycles/minute in a rotary shaker) Bacteria grown in the 
presence of maltose adsorb bacteriophage A more efficiently than if mal¬ 
tose IS not present, the sugar induces the maltose operon, which contmns 
the gene (lamB) that codes for the bacteriophage A receptor. 

2. Centrifuge the cells at 4000g for 10 minutes at room temperature 

3. Discard the supernatant, and resuspend the cell pellet by vortexing in 
sterile 0.01 m MgS 04 (~20 ml). More consistent results are obtained if the 
resuspended cells are diluted to an appropnate density (usually ODg^o = 2, 
1 e, ~ 1 6 X 10® cells/ml) 

Because the relationship between the ODgoo and the number of viable cells per 
milliliter vanes substantially from strain to strain, it is essential to calibrate the 
spectrophotometer by measunng the ODgoo of a growing culture of the particular 
strain of E coli at different times in its growth cycle and determining the number of 
viable cells at each of these times by plating dilutions of the culture on LB agar plates 
m the absence of antibiotics 

4. Optional Transfer the cell suspension to a 100-ml sterile flask and 
incubate for 1 hour at 37°C with moderate agitation (250 cycles/minute in 
a rotary shaker) 

Some investigators, but not all, find that this step improves the viability of the stored 
cell suspension 

5. Store the cell suspension at 4°C. The suspension may be used for up to 3 
weeks. However, the highest plating efficiencies are obtained when 
freshly prepared cells are used 

Severely enfeebled strains of E cob (e g , recA' strains) lose viability quickly when 
stored under conditions of starvation at 4*0 Fresh cultures of such strams (whose 
genotypes should be revalidated frequently) should be used for plating 
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Plating Bacteriophage A 

A plaque derives from infection of a single bacterium by a single virus 
particle. The progeny particles infect neighboring bacteria, which in turn 
release another generation of daughter virus particles. If bacteria are 
growing in semisolid medium (containing, e.g., agarose or agar), the diffusion 
of the progeny virus particles is limited. Under these circumstances, the 
result of successive rounds of infection is a spreading zone of lysis that 
eventually becomes visible to the naked eye as a clear area in £in otherwise 
turbid background of bacterial growth. Because each plaque contains the 
progeny of a single bacteriophage particle, it is possible to obtam populations 
of bacteriophages whose members are essentially genetically identical to one 
another. 

1. Prepare tenfold serial dilutions of bacteriophage stocks in SM. 

2. Dispense 0.1 ml of each dilution to be assayed into a sterile tube (13 
mm X 100 mm) 

3. Add 0.1 ml of plating bacteria to each tube. Mix by shakmg or vortexing. 
Incubate for 20 minutes at 37°C to allow the bacteriophage particles to 
adsorb to the bacteria 

4. Add 3 ml of molten (47°C) agar or agarose (0.7%) to the first tube, vortex it 
gently, and immediately pour the entire contents of the tube onto the 
center of a labeled plate containing 30-35 ml of hardened bottom agar 
medium (NZCYM or LB). Try to avoid creating air bubbles Swirl the 
plate gently to ensure an even distribution of bacteria and top agar/ 
agarose Repeat with the second and subsequent tubes on fresh plates 

The plates containing hardened bottom agar medium should be removed from storage 
at 4°C and equilibrated at room temperature for 1-2 hours before use This 
eliminates problems of condensation and allows the top agar to spread across the 
entire surface of the plate before it sets 

5. Close the plates and let them stand for 5 minutes at room temperature to 
allow the top agar/agarose to harden Invert the plates and incubate at 
37'’C Plaques begin to appear after about 7 hours of incubation and 
should be counted or picked after 12-16 hours. 


Notes 

I Although there can be considerable variability, stocks of bacteriophage A 
prepared from liquid cultures of infected bacteria or from confluently 
lysed plates contain between 10® and 10 “ pfu/ml. 

II Freshly poured plates should not be used for plaque assay of bac¬ 
teriophage A. During incubation at 37“C, droplets of moisture that form 
on the surface of the top agar cause the developing plaques to streak and 
run into one another This problem can be avoided by stonng the plates 
for 2-4 days at room temperature before use or by drying the plates with 
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the lids ajar for 1 hour in a 37°C incubator. In an emergency, when there 
is no time to dry the plates, remove any droplets of water from the lids of 
the plates after the top agar has set and insert a piece of circular filter 
paper into each lid. During incubation of the inverted plates at 37°C, the 
filter paper absorbs much of the humidity and keeps streaking to a 
minimum. 

iii Plaques produced by different strains of bacteriophage A or by different 
recombinants constructed within a single strain vary in size and appear¬ 
ance. For example, recombinants of Charon 28 and 30 containing foreign 
DNA sequences that carry a chi site produce much larger plaques than 
those that do not. However, using the protocol given above, in which the 
bacteriophage particles are allowed to adsorb to the bacterial suspension 
before plating, there should be little variation between plaques formed by 
members of genetically homogeneous stocks of the bacteriophage The 
appesirance of plaques is also influenced by the rate of growth of the 
bacterial lawn, the concentration of agar/agarose, the freshness of the 
plates, and the humidity of the incubator Small plaques are favored by 
vigorous bacterial growth, high concentrations of top agar/agarose, dry 
plates, and a dry atmosphere in the incubator With expenence, these 
conditions can be adjusted to suit the task at hand For example, when 
screening libraries by hybridization, it is often desirable to restrict the 
size of the plaques so that the maximum number of bacteriophages can be 
screened per plate In this case, use well-aged plates and use slightly 
more bactena than usual for each lawn. Under other conditions—for 
example, when using enfeebled red~ gam~ strains of bacteriophage A—it 
may be necessary to reduce the bacterial inoculum and/or to use a lower 
(0 6%) concentration of top agar/agarose to obtain plaques of an accept¬ 
able size. Bacteriophage A plaques do not increase in size after the 
bacterial lawn is fully grown and the cells have reached stationary phase 
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PteUing Bacteriophage A Piaqites 

1. Place 1 ml of SM in a polypropylene tube (13 mm x 100 mm) Add 1 drop 
of chloroform 

2. Using a pasteur pipette equipped with a rubber bulb, or a micropipette, 
stab through the chosen plaque into the hard agar beneath Apply mild 
suction so that the plaque, together with the underlsnng agar, is drawn 
into the pipette. 

Because bacteriophage A can diffuse considerable distances through the layer of top 
agar, choose well-separated plaques For the same reason, it is advisable to pick 
plaques shortly after the bactensil lawn has grown up and the bacteriophage plaques 
have first appeared Picking plaques early in their development also reduces the 
unwelcome possibility of obtaining a bacteriophage stock that contains significant 
numbers of undesirable mutants 

3. Place the fragments of agar in the SM/chloroform prepared in step 1. Let 
stand at room temperature for 1-2 hours to allow the bacteriophage 
particles to diffuse out of the agar. An average plaque yields 10®—lO’ 
infectious bacteriophage particles, which can be stored indefinitely at 4°C 
in SM/chloroform without loss of viability 


Notes 

I It IS also possible to isolate plaques by touching a sterile 8-cm wooden 
stick (also called applicator or orange stick) or a sterile toothpick to the 
surface of the top agar/agarose in the center of the chosen plaque. 
Immediately place the stick in SM/chloroform and vortex to dislodge 
fragments of agar/agarose containing the bacteriophage. 

II Aged batches of chloroform may inactivate bacteriophage A. This problem 
can be avoided by using freshly distilled chloroform or chloroform that has 
been extracted with anhydrous sodium bicarbonate to remove products of 
photolysis. 
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naSPAMONG STOCKS OF BACTERIOPHAGE A FROM SINGLE PIAGVES 

Two methods are commonly used to prepare stocks from single plaques of 
bactenophage A; 

• Plate lysates, in which the bacteriophages are propagated in bactena grown 
in soft agar 

• Small-scale liquid cultures, in which the bacteriophages are propagated in 
bacteria in liquid medium 

Although both methods yield useful bacteriophage stocks, the first has the 
advantage of allowing the expenmenter to determine whether or not the 
bacteriophages have grown successfully merely by looking at the degree of 
confluence of the plaques 

Piute Lysate SUteks 

To achieve maximum yield, the number of bacteriophages plated should be 
adjusted so that the outer edges of the expanding plaques just touch after 
approximately 12 hours of incubation An inoculum of 10® pfu is usually 
sufficient to produce confluent lysis of a bactenal lawn growing on a 90-mm 
plate. By the end of the period of growth, there should be no patches of 
uninfected bacteria 

Two protocols for the preparation of plate lysate stocks are given below 
Both protocols work equally well Protocol II is more rapid, but it requires 
additional manipulations In Protocol I, the bacteriophages are eluted from 
the plate by diffusion into SM, whereas in Protocol 11, the bacteriophages are 
plated in low-percentage top agar/agarose and eluted by scraping the top 
agar/agarose from the plate and disrupting in SM 
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PREPARATION OF PLATE LYSATE STOCKS: PROTOCOL I 

1. Mix 10® pfu of bacteriophage (usually about 1/20 of a resuspended plaque) 
with 0 1 ml of plating bacteria. Incubate for 20 minutes at 37®C 

When preparing stocks of strains of bacteriophage A that grow poorly, the inoculum 
should be increased to 10® pfii 

2. Add 3 ml of molten (47“C) top agar/agarose (0,7%), mix, and pour 
immediately onto a labeled 90-mm plate containing 30-35 ml of hardened 
bottom agar A freshly poured plate equihbrated to room temperature 
gives the best results, but an older plate (1—4 days old) gives a satisfactory 
3aeld 

Adequate titers of most strains of bacteriophage A can be obtained by using LB or 
NZCYM bottom agar However, the highest yields (Arber et al 1983) are obtained 
from LB bottom agar containing 
0 3% glucose 
0 075 mM CaClg 
0 004 mM FeClg 
2 mM MgS 04 

Glucose represses the lamB gene and reduces the amount of bactenophage that is lost 
by adsorption to bacterial debris Calcium ions also reduce loss by readsorption, 
whereas feme ions may stimulate respiration and suppress lysogeny 

Set up a plate that contains bacteria but no bacteriophages Durmg incubation, this 
plate should develop a smooth lawn of confluent bacterial growth, which can serve as 
a standard if doubt should arise as to whether the absence of bacterial growth on the 
infected plates is due to lysis or inadequate growth of the host 

3. Incubate the plate for 6—8 hours at 37°C At the time of harvesting, the 
plaques should touch one another, and the only visible bacterial growth 
should be a gauzy webbing that marks the junction between adjacent 
plaques 

4. Remove the plate from the incubator, add 5 ml of SM, and store at 4°C for 
several hours with intermittent, gentle shaking 

5. With a pasteur pipette, harvest as much of the SM as possible and place in 
a polypropylene tube (13 mm x 100 mm) 

6. Add 1 ml of fresh SM to the plate and store it for 15 minutes in a tilted 
position to allow £ill of the fluid to drain into one area Again remove the 
SM and combine it with the first harvest Discard the plate 

7. Add 0.1 ml of chloroform to the pooled SM, vortex briefly, and centrifuge at 
4000g for 10 minutes at 4°C. 

8. Recover the supernatant, add 1 drop of chloroform, and store at 4°C. The 
titer of the stock should be approximately 10^° to 10^^ pfu/ml, and this 
usually remains unchanged as long as the stock is stored at 4°C. 
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PREPARATION OF PLATE LYSATE STOCKS: PROTOCOL H 

1. Mix 10® pfa of bacteriophage (usually about 1/20 of a resuspended plaque) 
with 0.1 ml of plating bacteria. Incubate for 20 minutes at ST'C. 

When prepanng stocks of strains of bacteriophage A that grow poorly, the inoculum 
should be increased to 10* pfu 

2. Add 3 ml of molten (47“C) top agar/agarose (0.5%), mix, and pour 
immediately onto a labeled 90-mm plate contaimng 30—35 ml of hardened 
bottom agar. A freshly poured plate equilibrated to room temperature 
gives the best results, but an older plate (1-4 days old) gives a satisfactory 
yield. 

Low-percentage top agar/agarose (0 5%) is used here so that it can be easily scraped 
off the plate after the bactenophages have grown 

Adequate titers of most strains of bacteriophage A can be obtained by using LB or 
NZCYM bottom agar However, the highest yields (Arber et al 1983) are obtained 
from LB bottom agar containing 
0 3% glucose 
0 075 mM CaClj 
0 004 mM FeClg 
2 mM MgS 04 

Glucose represses the lamB gene and reduces the amount of bacteriophage that is lost 
by adsorption to bactenal debris Calcium ions also reduce loss by readsorption, 
whereas the ferric ions may stimulate respiration and suppress lysogeny 

Set up a plate that contains bacteria but no bactenophages Dunng incubation, this 
plate should develop a smooth lawn of confluent bactenal growth, which can serve as 
a standard if doubt should arise as to whether the absence of bactenal growth on the 
infected plates is due to lysis or inadequate growth of the host 

3. Incubate the plate without inversion for 6-8 hours at 37°C Plates are not 
inverted dunng incubation to prevent the top agar/agarose from slipping 
At the time of heirvesting, the plaques should touch one another, and the 
only visible bacterial growth should be a gauzy webbing that marks the 
junction between adjacent plaques. 

4. When confluent lysis has occurred, gently scrape the soft top agar/agarose 
into a sterile centnfuge tube by using a sterile bent glass rod 

5. Add 5 ml of SM to the plate to nnse off any remaining top agar/agarose, 
and add it to the centrifuge tube. 

6. Add 0.1 ml of chloroform to the agar/agarose suspension Mix by rotation 
or shaking for 15 minutes at 37°C. 

7. Centnfuge at 4000g for 10 minutes at 4°C. 

8. Recover the supernatant, add 1 drop of chloroform, and store at d^C. The 
titer of the stock should be approximately 10^® to 10“ pfii/ml, and this 
usually remains unchanged as long as the stock is stored at 4°C. 
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SmuU-seaMe Liquid Cultures 

This method was origmally described by Leder et al. (1977). In general, the 

5 delds of bacteriophage A are lower and more variable than those obtained 

from plate lysates. 

1. Mix 0.1 ml of a fresh, overnight bacterial culture with approximately 10® 
pfu of bacteriophage (usually about 1/5-1/2 of a resuspended plaque) in a 
sterile culture tube (17 mm x 100 mm) with a loose-fitting cap. 

2. Incubate for 15 minutes at 37°C to allow the bacteriophage particles to 
adsorb 

3. Add 4 ml of NZCYM or LB medium and incubate with vigorous shaking 
until lysis occurs (6-12 hours at 37°C) Shaking can be best accomplished 
by positiomng the tube in a shaker incubator or in a rotating wheel 

4. After lysis has occurred, add 2 drops of chloroform and continue incuba¬ 
tion for 15 minutes at 37°C 

5. Centrifuge at 400Qg for 10 minutes at 4°C. 

6. Recover the supernatant, add 1 drop of chloroform, and store at 4°C. The 
titer of the stock should be approximately 10^“ pfu/ml, and this usually 
remains unchanged as long as the stock is stored at 4°C. 


Notes 

1 . If lysis does not occur or is incomplete, add an equal volume of prewarmed 
NZCYM or LB medium to the cultures and continue incubation for a 
further 2-3 hours at 37°C with vigorous agitation (300 cycles/minute in a 
rotary shaker) 

11 Although most strains of bacteriophage A grow well in liquid culture and 
routinely yield lysates containing approximately 5 x 10® pfu/ml, there are 
some strains that replicate poorly The problem can often be solved by 
increasing the ratio of bacteriophage to bacteria m the infection or by 
growing the infected culture at 39°C—the optimum temperature for 
growth of the bacteriophage In addition, some workers prefer to carry out 
the adsorption step at 0°C in the presence of 5 mM CaClg (Patterson and 
Dean 1987) This allows a more uniform infection and synchronous 
growth of the bacteriophage 
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JLong-term Storage of Bacteriophage A Stocks 

Stocks of most strains of bacteriophage A are stable for several years when 
stored at 4°C in SM containmg a small amount of chloroform (0.3%) 
However, many workers have found that some bactenophage A recombinants 
lose viability when stored m this way for a few months This problem can 
usually be avoided by using freshly distilled chloroform or chloroform that 
has been extracted with anhydrous sodium bicarbonate to remove products of 
photolysis. However, we also recommend that the titer of master stocks be 
checked every 2-3 months and that master stocks of all important bac¬ 
tenophage A strains whose genotypes have been verified be stored at -70“C 
Before storage, add dimethyl sulfoxide (DMSO) to the bacteriophage stock to 
a final concentration of 7% v/v. Mix gently. Plunge the container into liquid 
nitrogen. When the liquid has frozen, transfer the container to a freezer at 
-70°C for long-term storage. 

To recover the bacteriophages, scrape the frozen surface of the liquid with a 
sterile 18-gauge needle. Streak the needle over the surface of a plate 
containmg the appropriate indicator bacteria Incubate for 12 hours at the 
appropriate temperature to obtain bactenophage A plaques. Pick a well- 
isolated plaque and generate a high-titer stock by one of the methods 
descnbed earlier. 
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LARGE-SCALE FREBARATION OF BACTEMUOPHAGE A 

Two methods are presented below for the preparation of large quantities of 
bacteriophage A. 

• Infection at low multiplicity 

• Infection at high multiplicity 

After infection of bacteria at low multiplicity, a large volume of medium is 
inoculated with the infected culture. Initially, the concentration of bac¬ 
teriophages is low, and uninfected cells in the culture continue to divide for 
several hours However, successive rounds of infection lead to the production 
of increasing quantities of bacteriophage Eventually, all of the bacteria 
become infected and complete lysis of the culture occurs Care is required 
with this method because small changes m the ratio of cells to bacteriophage 
particles m the initial infection greatly affect the final yield of bac¬ 
teriophages Furthermore, the optimum ratio vanes for different strains of 
bacteriophage A and bactena However, with a little effort, the method can 
be adapted for use with most combinations of virus and host cells. 

The second method, which suffers less from the strain-to-strain variation 
that can occur during protracted periods of bactenophage growth, involves 
infection at high multiplicity and growth of bacteriophages for a short period 
of time (usually 3-5 hours), by which time the culture is completely lysed. 
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InteeHon of Low UutHpUeitff 


There are many variants of this method. In our hands, however, the 
following protocol for the preparation of bacteriophage A from a 2-liter culture 
of infected bactena gives the best results (Blattner et al. 1977; Maniatis et al. 
1978). 

1. Place 100 ml of NZCYM in a 500-ml flask and inoculate with a single 
colony of an appropriate bacterial host Incubate overnight at 37°C with 
vigorous agitation (300 cycles/minute in a rotary shaker) 

2. Read the ODgo^ of the culture. Calculate the cell concentration assummg 
that 1 ODgoo = 8 X10® cells/ml. 

3. Withdraw four aliquots, each contaimng 10^° cells. Centrifuge at 400Qg 
for 10 minutes at room temperature Discard the supernatants. 

4. Resuspend each of the bacterial pellets in 3 ml of SM. 

5. Add the bacteriophage and mix rapidly. The number of bacteriophage 
particles used is critical. For strains of bactenophage A that grow well 
(e.g., EM6L3 and 4 and AgtlO), 5 x 10^ pfu should be added to each 
suspension of 10^® cells; for bacteriophages that grow relatively poorly 
(e.g., the Charon series), it is better to mcrease the starting inoculum to 
6 X 10® pfu. However, there are no hard and fast rules, and you will 
probably need to experiment to find the multiplicity that gives the best 
results under your conditions. 

6. Incubate for 20 minutes at 37°C with intermittent shaking. 

7. Add each infected aliquot to 500 ml of NZCYM, prewarmed to 37'’C in 
2-liter flasks. Incubate at 37°C with vigorous shaking Begin to monitor 
the cultures after 8 hours. Concomitant growth of bactena and bac- 
tenophages should occur, resulting in lysis of the culture after 9-12 
hours A fiilly lysed culture contains a considerable amount of bacterial 
debns, which can vary m appearance from a fine, splintery precipitate to 
much larger, stringy clumps. If the cultures are held up to the light, the 
schlieren patterns and silky appearance of a dense, unlysed bactenal 
culture should not be visible. 

8. If lysis is not apparent, check a small sample of the cultures for evidence 
of bactenophage growth Withdraw into glass tubes two aliquots (1 ml 
each) of the infected culture. Add 1 or 2 drops of chloroform to one of the 
tubes Incubate both tubes for 5-10 minutes at 37°C with intermittent 
shaking Compare the appearances of the two cultures by holding the 
tubes up to a light. If infection is near completion but the cells have not 
yet lysed, the chloroform will cause the cells to burst and the turbid 
culture will clear to the point where it is translucent. In this case, 
proceed to step 9. If lysis does not occur or is incomplete, the preparation 
can sometimes-be rescued by adding to each of the cultures an additional 
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500 ml of NZCYM preheated to 37°C. Continue to incubate for a further 
2-3 hours at with shaking as vigorous as possible (300 cycles/ 
minute in a rotary shaker). 

9. Add 10 ml of chloroform to each flask, and continue to incubate for a 
further 10 minutes at 37°C with shaking. 

10. Proceed to “Standard Method for Purification of Bacteriophage A,” step 1 
(page 2.73) 
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InfeetioM at High MultiplUsity 

In this method, bactenophage A is prepared from a 2-hter culture of infected 

bacteria as follows. 

1 . Place 10 ml of NZCYM in a 50-ml flask and inoculate with a single colony 
of an appropriate bacterial host. Incubate overmght at the appropriate 
temperature with vigorous agitation (300 cycles/mmute in a rotary 
shaker). 

2. Inoculate 500 ml of NZCYM, prewarmed to 37“C in each of four 2-liter 
flasks, with 1 ml of the overnight culture per flask Incubate at 37°C with 
vigorous shsiking until the ODgoo of the cultures reaches 0 5 (3-4 hours). 

3. Inoculate each flask with 10^° pfu of bacteriophage A, and continue to 
mcubate at 37‘’C with vigorous shaking until lysis occurs (usually 3-5 
hours). A fully lysed culture contains a considerable amount of bacterial 
debris, which can vary in appearance from a fine, splintery precipitate to 
much larger, stringy clumps. If the culture is held up to the light, the 
schlieren patterns and silky appearance of a dense, unlysed bacterial 
culture should not be visible. 

To maximize the yield of particular strains of bactenophage A, it may be necessary to 
adjust the multiplicity of infection or the length of incubation 

4. Add 10 ml of chloroform to each flask, and continue to incubate for a 
further 10 minutes at 37°C with shaking 

5. Proceed to “Standard Method for Purification of Bactenophage A,” step 1 
(page 2.73). 
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PVMUFICATION OF BACTERIOPHAGE A 


The method given below for purification of bacteriophage particles is essen¬ 
tially that of Yamamoto et al (1970). Over the years, many variants and 
shortcuts have emerged Three slightly modified procedures are therefore 
presented following this protocol. 


Standard Method tor Purifieation of Bacteriophage A 

1. Cool lysed cultures to room temperature and add pancreatic DNAase I 
and RNAase, each to a final concentration of 1 ju,g/ml. Incubate for 30 
minutes at room temperature 

Crude commercial preparations of both enz 3 rmes are adequate to digest 
the nucleic acids liberated from the lysed bacteria Without digestion, a 
significant number of bacteriophage particles become entrapped in the 
viscous solution of nucleic acids. 

2. Add sohd NaCl to a final concentration of 1 m (29.2 g per 500 ml of 
culture) Dissolve by swirling Let stand for 1 hour on ice The addition 
of NaCl promotes dissociation of bacteriophage particles from bacterial 
debris and is required for efficient precipitation of bacteriophage parti¬ 
cles from polyethylene glycol. 

3. Remove debris by centrifugation at ll,00Qg for 10 minutes at 4“C Pool 
the supernatants m a clean flask. 

4. Add solid polyethylene glycol (PEG 8000) to a final concentration of 10% 
w/v (i e , 50 g per 500 ml of supernatant). Dissolve by slow stirring on a 
magnetic stirrer at room temperature. 

Some workers prefer to add the polyethylene glycol at the same time as the NaCl 
(step 2) The centrifugation step (3) may then be omitted Simultaneous addition of 
polyethylene glycol and NaCl works efficiently only if the bacteriophage grows well 
and the titer of bacteriophage in the original lysed culture is greater than 2 x 10^“ 
pfu/ml 

5. Cool in ice water and let stand for at least 1 hour on ice to allow the 
bacteriophage particles to form a precipitate. 

6. Recover the precipitated bacteriophage particles by centrifugation at 
ll,00Qg for 10 minutes at 4°C. Discard the supernatant, and stand the 
centrifuge bottle m a tilted position for 5 minutes to allow the remaining 
fluid to drain away from the pellet. Remove the fluid with a pipette. 

7. Using a wide-bore pipette equipped with a rubber bulb, gently resuspend 
the bacteriophage pellet in SM (8 ml for each 500 ml of supernatant 
from step 3). Wash the walls of the centrifuge bottle thoroughly, smce 
the precipitate of bacteriophages sticks to them, especially if the bottle is 
old 
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TABLE 2.4 CsCl SotuOona (100 ml) for SU^ 
Gradients Prepared in SM 


Density 
(p) (g/ml) 

CsCl 

(g) 

SM 

(ml) 

Refractive index 
(vi) 

145 

60 

85 

1.3768 

150 

67 

82 

13815 

170 

95 

75 

13990 


8. Extract the polyethylene glycol and cell debns from the bacteriophage 

suspension by adding an equal volume of chloroform and vortexing for 30 
seconds. Separate the organic and aqueous phases by centrifugation at 
3000g for 15 imnutes at 4°C. Recover the aqueous pliase, which contains 
the bacteriophage particles i; ' t i < 

Ti. , ^ 

9, Measure the volume of the aqueous phase, and add 0.5 g of solid CsCl per 
milliliter of bactenophage suspension Mix gently to dissolve 

10. When the CsCl has dissolved, carefully layer the bactenophage suspen¬ 
sion onto CsCl step gradients that are preformed in Beckman SW41 or 
SW28 clear polypropylene or polycarbonate centrifuge tubes (or equiva¬ 
lent) (Table 2.4) 

The step gradients may be made either by carefully layenng solutions 
of decreasing density on top of one another or by layenng solutions of 
increasing density under one another Make a mark on the outside of the 
tube opposite the position of the interface between the p = 1 50 g/ml 
layer and the p = 145 g/ml layer (Figure 2.4) 

11. Centrifuge at 22,000 rpm for 2 hours at 4“C in a Beckman SW41 or SW28 
rotor 


e = 1 15 g/ml 

e = 1 45 g/ml 
e = 1 50 g/ml 
e = 1 7 g/ml 

UGVRE 2.4 

CsCl gradients for purifying bactenophage A The bacteriophage will form a visible 
band at the mterface between the 1 45 g/ml and 1 50 g/ml CsCl layers 


or equivalent) 


Before centrifugation 


After centrifugation 




debris 

virus 

particles 
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A bluish band of bacteriophage particles should be visible at the interface between 
the 1 45 g/ml layer sind the 1 50 g/ml layer If the yield of bacteriophage is low, 
placing the gradient against a black background and shining a light finm above often 
helps to detect the band of psirticles 

12. Collect the bacteriophage particles by puncturing the side of the tube. 
Carefully wipe the outside of the tube with ethanol to remove any grease 
or oil, and then attach a piece of Scotch Tape to the outside of the tube, 
level with the band of bacteriophage particles. Using a 21-gauge needle, 
puncture the tube through the tape and collect the band of bacteriophage 
particles (Figure 2 5). Be carefuB Keep your fingers out of the path of 
the needle in case you puncture the other side of the tube 

Take care not to contaminate the bacteriophage with material from 
other bands that are visible in the gradient. These bands contain various 
types of bacterial debns and unassembled bacteriophage components. 



FIGURE 2.5 

Collection of bacteriophage band by side pimcture 
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Alternatively, the band can be collected from above using a mi- 
cropipette or a pasteur pipette. 

If a polycarbonate tube is used in step 10 or 13, the band must be collected from 
above 

13. Place the suspension of bacteriophage particles in an ultracentnfuge 
tube that fits a Beckman Ti50 or SW50 1 rotor (or equivalent) and fill the 
tube with CsCl solution (1.5 g/ml in SM). Centrifuge at 38,000 rpm for 
24 hours at 4°C (Ti50) or at 35,000 rpm for 24 hours at 4°C (SW50.1). 

14. Collect the band of bacteriophage particles as described in step 12 Store 
the bacteriophage suspension at 4°C in the CsCl solution in a tightly 
capped tube. 


Notes 

i. Particles of bactenophage A are exceedingly sensitive to EDTA and other 
chelators, and it is essential that (10-30 mM) be present at all 
stages of the punfication to prevent dismtegration of the particles 

11 If the yields of punfied bacteriophage are low, the number of infectious 
bacteriophage particles should be determined in samples taken at various 
stages during the punfication to determine where losses are occurring 
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AHemaHve Methoda for PwrifUmUon of Bncteriophage A 

PELLETING BACTERIOPHAGE PARTICLES 


1. Follow the “Standard Method for Purification of Bacteriophage A” through 
step 8 (page 2.73), including extraction with chloroform. 

2. Collect the bacteriophage particles by centrifugation at 25,000 rpm for 2 
hours at 4°C in a Beckman SW28 rotor (or its equivalent). 

3. Pour off the supernatant. A glassy pellet of bacteriophage particles should 
be visible on the bottom of the tube. Add 1-2 ml of SM to the tube, and 
leave overnight at 4‘’C, preferably on a rocking platform 

4. The following morning, pipette the solution gently up and down to ensure 
that all of the bacteriophage particles have been resuspended. Although 
preparations obtained in this way are not as clean as those obtained by 
equilibrium gradient centrifugation, they can be a convenient source of 
DNA when preparing foreign DNA from bacteriophage A recombinants for 
subcloning into plasmid or bacteriophage M13 vectors or when preparing 
bacteriophage A arms 

5. Proceed with “Extraction of Bactenophage A DNA” at step 5 (page 2.80). 
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GLYCEKOL STEP GBADIENT 


The following method is modified from Vande Woude et al. (1979) 

1 . Follow the “Standard Method for Purification of Bacteriophage A” through 
step 6 (page 2.73) 

2. Resuspend the bacteriophage pellet in 5-10 ml of TM per liter of origmal 
culture. 

TM 

50 mM Tris • Cl (pH 7.8) 

10 HIM MgSO^ 

Particles of bactenophage A are exceedingly sensitive to EDTA and other chelators, 
and It IS essential that Mg** (10-30 mM) be present at all stages of the punfication to 
prevent disintegration of the particles 

3. Add an equal volume of chloroform to the bactenophage suspension and 
vortex for 30 seconds Separate the organic and aqueous phases by 
centnfugation at 300Qg for 15 minutes at 4“C. Recover the aqueous phase 
containing the bacteriophage particles. 

4. Prepare a glycerol step gradient in a Beckman SW41 polycarbonate tube 
(or its equivalent) as follows. 

a Pipette 3 ml of a solution consisting of 40% glycerol in TM into the 
bottom of the tube. 

b. Carefully layer over the 40% glycerol solution 4 ml of a solution 
consisting of 5% glycerol in TM 

c. Carefully layer the bacteriophage suspension onto the glycerol solution 
d Fill the tube with TM. 

5. Centrifuge at 35,000 rpm for 60 minutes at 4°C in a Beckman SW41 rotor. 

6. Discard the supernatant, and resuspend the bacteriophage pellet in 1 ml 
of TM per liter of onginal culture. 

7. Add pancreatic DNAase I and RNAase to final concentrations of 5 /ng/ml 
and 1 fig/ml, respectively Digest for 30 minutes at 37°C 

EDTA from a 0 5 m stock solution (pH 8 0) to a final concentration of 
20 HIM 

9. Proceed with “Extraction of Bacteriophage A DNA” at step 5 (page 2 80). 
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EQUILIBRIUM CENTRIFUGATION IN CESIUM CHLORIDE 

When dealing with small-scale preparations of bacteriophage (1 liter or less), 

the CsCl step gradient can be omitted from the “Standard Method for 

Purification of Bacteriophage A.” 

1. After extraction with chloroform (step 8, page 2.74), measure the volume 
of the aqueous phase and add 0 75 g of solid CsCl per milliliter of 
bacteriophage suspension Mix gently to dissolve. 

2. When the CsCl has dissolved, transfer the bacteriophage suspension to an 
ultracentrifuge tube that fits a Beckman Ti50 or SW50 1 rotor (or equiva¬ 
lent) Fill the tube with SM containing 0 75 g/ml CsCl and centrifuge at 
38,000 rpm for 24 hours at 4'’C (Ti50) or at 35,000 rpm for 24 hours at 4°C 
(SW501) 

3. Collect the band of bacteriophage particles as described in step 12, page 
2.75. Store the bacteriophage suspension at 4‘’C in the CsCl solution in a 
tightly capped tube 
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EXatACnON OF BACTEMaOPBAGF A BNA 


1. Remove CsCl from the purified bacteriophage preparation by dialysis at 
room temperature for 1 hour against a 1000-fold volume of the following 
buffer; 

10 mM NaCl 

50 iDM Tns ■ Cl (pH 8.0) 

10 mM MgCl2 

2. Transfer the dialysis sac to a fresh flask of buffer and dialyze for an 
additional hour. 

3. Transfer the bacteriophage suspension into a centrifuge tube of a size 
such that only one third is full 

4. Add EDTA from a 0.5 m stock solution (pH 8 0) to a final concentration of 
20 niM. 

5. Add pronase (self-digested) to a final concentration of 0 5 mg/ml, or add 
proteinase K to a final concentration of 50 ;u.g/ml 

Self-digested pronase is prepared by dissolving powdered pronase in 10 mM Tns Cl 
(pH 7 5), 10 mM NaCl to a final concentration of 20 mg/ml and incubating for 1 hour 
at 3TC Store the self-digested pronase in small aliquots at -20°C in tightly capped 
tubes 

6. Add SDS from a 10% w/v stock solution m water to a final concentration 
of 0 5% Mix by inverting the tube several times 

7. Incubate for 1 hour at 37°C (pronase) or 56“C (proteinase K) 

8. Cool the digestion mixture to room temperature Add an equal volume of 
phenol equilibrated with 50 him Tns (pH 8.0) Mix by inverting the tube 
many times until a complete emulsion has formed Separate the phases 
by centrifugation at 3000g for 5 minutes at room temperature Use a 
wide-bore pipette to transfer the aqueous phase to a clean tube. 

9. Extract the aqueous phase once with a 50:50 mixture of equilibrated 
phenol and chloroform 

10. Recover the aqueous phase as descnbed above, and extract once with an 
equal volume of chloroform. 

11. Transfer the aqueous phase to a dialysis sac. 

12. Dialyze overnight at 4°C against three changes of a 1000-fold volume of 
TE (pH 8.0) 
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Notes 

1 . The 5 n.elds of bacteriophage DNA range from 500 ^lg to several milligrams 
per liter, dependmg on the titer of the bacteriophage in the lysed culture. 
When such large amounts of bacteriophage A DNA are not required, the 
above methods can easily be scaled down to accommodate 50-100-ml 
cultures. In this case, the dialysis procedure (step 12) should be omitted 
and the bacteriophage DNA should be recovered by precipitation with 
ethanol as follows: 

a. Add sodium acetate from a 3 M stock solution (pH 7.0) to a final 
concentration of 0 3 m Mix well. 

It IS important to use a sodium acetate solution eqmlibrated to pH 7 0 rather than 
the more common pH 5 2 EDTA precipitates from solution at pH 5 2 when 
present at concentrations in excess of 5-10 mM 

b Add 2 volumes of ethanol and mix. 

c. Store the solution at room temperature for 30 minutes 

Usually, the bacteriophage A DNA can be seen as a threadhke precipi¬ 
tate, which can be removed from the solution on the outside of a pasteur 
pipette. Transfer the DNA to a microfuge tube contaming 1 ml of 70% 
ethanol Recover the DNA by centrifugation at 12,000g for 2 minutes at 
4°C in a microfuge Discard the supernatant carefully, and allow the 
pellet of DNA to dry at room temperature Redissolve the DNA in an 
appropriate volume of TE (pH 7 6). 

ii A particle of bacteriophage A contains ~ 5 x 10“^^ /xg of DNA. 


Bactenophage A Vectors 2*81 



CioniwBg in BaeferUtphMige A 


Bacteriophage A has many uses as a cloning vehicle, ranging from subcloning 
of foreign DNA sequences propagated in vectors with larger capacity (e.g, 
cosmids) to construction of complex cDNA or genomic DNA libraries. Cloning 
in bacteriophage A involves five steps: 

1. Preparation of vector DNA by cleavage with appropriate restnction en- 
zyme(s). 

2. Ligation of the digested vector with fragments of foreign DNA having 
termini compatible with those of the vector 

3. Packagmg of the ligated DNA mto bactenophage particles that can form 
plaques on appropriate bacterial hosts 

4 Identification of recombinant bacteriophages carrying the desired se¬ 
quences of foreign DNA 

5 Plaque purification of selected recombinant bacteriophages, followed by 
analysis of the foreign DNA sequences. 

PREPARATION OF VECTOR DNA 

In some cases, bacteriophage A DNA can be prepared for cloning by simple 
digestion with restnction enzymes. For example, when using vectors that 
have been designed to allow genetic selection of bacteriophages carr 5 ang 
sequences of foreign DNA (e g, the EMBL senes, A2001, ADASH, or AgtlO), it 
IS not always necessary to take steps to minimize the formation of nonrecom¬ 
binant bactenophages In addition, for certain applications (e g., cloning a 
segment of purified DNA), the presence of a high proportion of nonrecombi¬ 
nant bacteriophages is not a significant detnment, since the desired recombi¬ 
nant can be easily identified by plaque hybridization However, more complex 
cloning problems require the use of biochemical or physical methods to 
minimize the number of nonrecombinant bacteriophages These include 
physical separation of the stuffer fragment from the vector arms, treatment 
of the digested vector DNA with alkaline phosphatase to reduce the possibili¬ 
ty of regenerating vector DNA by ligation of the left and right arms, and 
digestion of vectors with combinations of restriction enzymes that will 
destroy the ability of the stufifer fragment to reinsert mto the arms. 

The procedures in this section describe the methods used to prepare and 
test bacteriophage A vectors for cloning. Detailed procedures for the prepara¬ 
tion and ligation of foreign DNA for cDNA or genomic DNA clonmg are given 
in Chapters 8 and 9, respectively 
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JDigestion of Bael^riophage A BNA with Restriction Enaipmea 

1. Mix 25-50 fig of bactenophage A DNA with TE (pH 8 0) to give a final 
volume of 170 fd 

2. Add 20 1x1 of the appropnate restriction enzyme buffer. Remove two 
aliquots {0 2 ixg each) of the undigested DNA and store on ice. 

3. Add a threefold excess (75-150 units) of the appropriate restriction 
enzyme and incubate for 1 hour at the optimal temperature recommended 
by the manufacturer 

4. Cool the reaction to 0°C on ice. Remove an aliquot (0.2 /xg) Incubate this 
aliquot and one of the two aliquots of undigested DNA (step 2 above) for 10 
mmutes at 68°C to disrupt the cohesive termini of the bacteriophage DNA, 
and analyze the resulting DNA preparations by electrophoresis through a 
0.5% agarose gel. If digestion is complete, no DNA will be visible 
migrating at the position of the undigested control DNA; mstead, two or 
more (depending on the number of cleavage sites m the vector) smaller 
fragments will be seen The number and yield of these smaller fragments 
should be examined carefully to ensure that no partial digestion products 
are present 

5. If digestion is incomplete, warm the reaction to the appropnate tempera¬ 
ture, add more restriction enzyme (50-100 units), and continue the 
incubation at the optimal temperature recommended by the manufacturer. 

6. When digestion is complete, add EDTA to a final concentration of 5 ium, 
and extract the digestion mixture once with phenolxhloroform and once 
with chloroform 

7. Recover the DNA from the aqueous phase by precipitation with ethanol 
(see Note i, a-c, page 2 81) Redissolve the DNA in 100 /xl of TE (pH 8.0), 
and determine its exact concentration by measuring its absorbance at 260 
nm (see Appendix E). 

8. Remove an aliquot of DNA (1 p,g), and test whether it can be efficiently 
ligated as follows 

a Add water to bring the volume to 17 /aI 
b Add 2 fxl of 10 x ligation buffer and 1 /xl of 10 mM ATP. 


10 X Ligation buffer 

0.5 M Tris ’ Cl (pH 7.6) 

100 mM MgClj 
100 mM dithiothreitol 

500 fxg/ml bovine serum albumin (Fraction V; Sigma) (optional) 
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c. Remove 5 /i.1 of the mixture prepared in step b and store on ice 

d Add 0.2-0.5 Weiss unit of bacteriophage T4 DNA ligase to the remain¬ 
der of the mixture, and incubate the reaction for 2 hours at 16°C. 

At least three different assays are used to measure the activity of bacteriophage 
T4 DNA ligase Most manufacturers (apart from New England Biolabs) now 
calibrate the enzyme in Weiss units (Weiss et al 1968) One Weiss unit is the 
amount of enzyme that catalyzes the exchange of 1 nmole of from pyrophos¬ 
phate into [y,j3-®^PlATP in 20 minutes at 37®C One Weiss unit corresponds to 0 2 
unit determined m the exonuclease resistance assay (Modrich and Lehman 1970) 
and to 60 cohesive-end units (as defined by New England Biolabs) 0 015 Weiss 
unit of bacteriophage T4 DNA ligase therefore will ligate 50% of the Hindlll 
fragments of bacteriophage A (5 iig) in 30 minutes at 16®C Throughout this 
manual, bactenophage T4 DNA ligase is given m Weiss units 

e. Package 2 fil (0.1 /xg) of the ligated and unligated samples and 0 1 p,g 
of the undigested vector DNA from step 2 (See page 2 107 for this 
protocol.) Titrate each of the packaging reactions 

The packaging efficiency of the digested vector should increase by nearly three 
orders of magnitude after ligation The packaging efficiency of the ligated sample 
should be approximately 10% of that of undigested vector DNA 


Note 

The background of plaques obtained after cleavage of bactenophage A vectors 
at a single restriction site is often unacceptably high because of the accumu¬ 
lation of mutants in the original population that cannot be cleaved with the 
restriction enzyme This problem can be avoided if the bactenophage A vector 
is plaque-purified frequently. 
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Purification of Btusteriophagc XAmts 

Many of the bacteriophage A vectors that are most useful in the construction 
of cDNA or genomic DNA libraries require the middle stuffer segments of 
their genomes to be removed to accommodate large segments of foreign DNA. 
This process is generally referred to as “preparation of arms ” Depending on 
the vector used, any of several approaches are possible Two methods of 
purifying arms by density gradient centrifugation are described below. Alter¬ 
natively, arms can be purified by preparative electrophoresis through 0 5% 
agarose gels (see Chapter 6) In general, however, the yield of arms obtained 
by this technique is much lower than that obtained by density gradient 
centrifugation Purified arms of several of the most popular vectors (e.g., 
EM6L3 and 4, AgtlO, Agtll) are available from commercial sources. How¬ 
ever, it is less expensive to make your own arms if they are to be used 
regularly for the construction of libraries 


CENTRIFUGATION THROUGH SUCROSE DENSITY GRADIENTS 

This method (Maniatis et al 1978) can be used to prepare the arms of any 
bacteriophage A vector DNA. 

1. Digest and analyze 60 jug or more of the bacteriophage A vector DNA as 
described m steps 1-7 on page 2 83 After step 7 of the procedure, adjust 
the concentration of the DNA with TE (pH 8 0) to 150 ju-g/ml or greater. 

Set aside a 0 2-/Ag aliquot for use as a gel marker m step 6 

It IS sometimes possible to digest the vector DNA with a restriction enzyme that 
cleaves within the stuffer fragment but not the arms The aims of this strategy are 
(a) to reduce the size of the stuffer fragment(s) and thereby improve the separation of 
the stuffer from the arms and (b) to produce termmi that are mcompatible with 
those of the arms 

The digested DNA may be stored at — 20°C until you are ready to proceed to step 2 

2. Add MgClg to 0.01 m, and incubate for 1 hour at 42°C to allow the 
cohesive termini of bacteriophage A DNA to reanneal Analyze an aliquot 
(0 2 /jLg) by electrophoresis through a 0 5% agarose gel to determine 
whether annealing has occurred Use as markers 0.2 /ug of intact 
bacteriophage A DNA (from step 2, page 2 83) and a 0 2-jug aliquot of the 
annealed DNA that has been heated to 68°C for 10 minutes. 

Annealing of the cohesive termini causes the arms to increase in size The annealed 
arms migrate through the 0 5% agarose gel at a rate that is usually indistingmsh- 
able from that of intact bacteriophage A DNA Do not run the analytical gels at high 
voltage or in electrophoresis buffers of high electncal resistance, overheating will 
melt the cohesive termim of bacteriophage A DNA during electrophoresis 

An alternative procedure is to ligate the cohesive termini of the vector DNA before 
digesting it with restriction enzyme(s) Incubate the DNA for 1 hour at 42°C in 170 
ju.1 of 01 M Tns Cl (pH 7 6), 10 mM MgClj Add 20 jul of lOx ligation buffer (see 
page 2 83), and 0 2-0 5 Weiss unit of bacteriophage T4 DNA ligase per microgram of 
DNA, anH incubate for 1-2 hours at 16°C (For definition of Weiss unit, see note to 
d, page 2 84.) At this pomt, the DNA will have formed long concatemers and will be 
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more sensitive to shearing Handle it carefully’ After gentle extraction with 
phenoLchloroform (shaking the minimum amount to form an emulsion), recover the 
DNA by precipitation with ethanol (see page 2 81), resuspend it in the appropnate 
buffer, and digest it with restriction enzyme(s). 

3. Prepare one or more 38-ml sucrose (10-40% w/v) gradients m polypro¬ 
pylene tubes (Beckman SW28 or equivalent). Each gradient can accom¬ 
modate 60-75 jUg of digested bacteriophage A DNA The sucrose solu¬ 
tions are made in a buffer containing; 

1 M NaCl 

20mMTris-Cl (pH 8.0) 

5 mM EDTA (pH 8 0) 

4. Load onto each gradient no more than 75 yug of annealed, digested 
bacteriophage A DNA in a volume of 500 /j,1 or less. Loading more DNA 
than this can cause the gradient to be overloaded and can lead 
to poor separation of the stuffer fragments from the arms Centrifuge at 
26,000 rpm for 24 hours at 15°C in a Beckman SW28 rotor (or its 
equivalent). 


5. Collect 0.5-ml fractions through a 21-gauge needle inserted through the 
bottom of the centrifuge tube. 


6. Dilute 15 ^1 of every third fraction with 35 /xl of HgO. Add 8 p,l of 
gel-loading buffer I (see Appendix B), heat the samples to OS^C for 5 
minutes, and analyze them by electrophoresis through a thick 0 5% 
agarose gel. Use as markers intact bacteriophage A DNA and the aliquot 
of digested DNA set aside in step 1 Adjust the sucrose and salt 
concentrations of the markers to match those of the samples, otherwise, 
their electrophoretic mobilities will not be comparable 
After photographing the gel (see Chapter 6, page 6 19), locate and pool 
the fractions that contain the annealed arms (Figure 2 6) Be careful not 
to mclude fractions that are visibly contaminated with undigested bac¬ 
teriophage A DNA or that contain significant quantities of unannealed 
left or nght arms or stuffer fragment(s). 


pooled fractions against a 1000-fold excess of TE (pH 8 0) at 
4 C for 12-16 hours, with at least one change of buffer. Be sure to allow 
tor a two- to threefold increase in volume during dialysis. Extract the 
sample several times with 2-butanol (see Appendix E) to reduce the 
volume to less than 3 ml 


Mtematively, if the pooled sample is small, the DNA can be precimtated with 
ethanol without pnor dialysis by diluting the sample with TE (pH 7 6) so that the 
concentration of sucrose is reduced to about 10% ^ 


8. Recover the DNA by preapitation with ethanol (see page 2 81) 

^ ^ approximate concentration of 

300-500 fig/vol. 
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Fraction 


1 4 7 10 13 16 19 22 25 28 31 
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— Left arm 

— Right arm 

— "Stuffer” 


FIGURE 2.6 

Preparation of the arms of bacteriophage A DMA by sucrose gradient centrifugation 
In this experiment, the DNA of bacteriophage A vector Charon 28 was digested with 
5amHI, annealed, and centrifuged through a 10—40% sucrose gradient, which was 
then fractionated as described in the text Aliquots of every third fraction were 
heated briefly to smd analyzed by electrophoresis through a 0 5% agarose gel 
The positions of the left arm (23 5 kb), right arm (9 kb), and “stuffer” fragments (6.5 
kb) are indicated Fractions 1-16 contammg the annealed arms were pooled. 


10. Measure the exact concentration of the DNA spectrophotometrically (see 
Appendix E), and anadyze am adiquot by electrophoresis through a 0.5% 
agarose gel to assess its punty. Store the DNA at -20°C m aliquots 
containing 1—5 fig 

Note 

Ethidium bromide, at a concentration of 2 /xg/ml, cam be included in sucrose 
density gradients. The positions of the different species of DNA within the 
gradient can then be determmed visually With practice, it is possible to pool 
those fractions that contain the annealed arms without prior analysis by 
agarose gel electrophoresis. If ethidium bromide is used in this way, the 
purified airms should be extracted three times with isoamyl alcohol to remove 
the dye (see Appendix B). 

Caution: Ethidium bromide is a powerful mutagen and is moderately toxic. 
Gloves should be worn when you are working with solutions that contain this 
dye. After use, these solutions should be decontaminated by one of the 
methods described in Appendix E. 
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CENTRIFUGATION THROUGH SODIUM CHLORIDE GRADIENTS 

This procedure is quicker than centrifugation through sucrose density gradi¬ 
ents. However, more care must be taken in preparing sodium chloride 

gradients because of the lower viscosity of the solutions. 

1 . Digest and analyze 60 (ig or more of the bacteriophage A vector DNA as 
described ui steps 1-7 on page 2 83. After step 7 of the procedure, adjust 
the concentration of the DNA with TE (pH 8.0) to 250-500 /ig/ml and 
reanneal the arms as described m step 2, page 2.85. 

2. Prepare one or more 12 5-inl continuous gradients of NaCl (5-25% w/v) in 
ultracentrifuge tubes (Beckman SW41 or equivalent) using a commercial 
gradient maker. Each gradient can accommodate 50-100 ju,g of digested 
bacteriophage A DNA. 

The NaCl solutions contain 10 niM Tris Cl (pH 8.0), 10 ruM EDTA (pH 
8 0). Prepare the gradients in a cold room at a low flow rate (1-2 
ml/mmute) using a glass capillary to deliver the solution to the surface of 
the liquid This minimizes mixing. 

3. Load onto each gradient 50-100 fig of annealed, digested bacteriophage A 
DNA in a volume of 200 /il or less. Centrifuge at 37,000 rpm for 4 5 hours 
at 4'’C in a Beckman SW41 rotor (or its equivalent). 

4. Collect approximately 0.25-ml fractions from the bottom of each tube 
using a gradient-fractionating device Be careful! The gradients drip very 
rapidly after the tubes have been punctured. 

5. Dilute 5 /xl of every third fraction with 30 /xl of HjO. Add 4 fjA of 
gel-loadmg buffer I (see Appendix B), heat the samples to 68°C for 5 
minutes, and analyze the samples by electrophoresis through a thick 0 5% 
agarose gel Use as markers intact bacteriophage A DNA and bacterio¬ 
phage A DNA that has been digested with the appropriate restriction 
enzyme. Adjust the salt concentrations of the markers to match those of 
the samples, otherwise, their electrophoretic mobilities will not be com¬ 
parable 

After photographing the gel (see Chapter 6, page 6.19), locate and pool 
the fractions that contain the annealed arms Be careful not to include 
fractions that are visibly contaminated with undigested bacteriophage A 
DNA or that contain significant quantities of unannealed left; or right 
arms or stufifer fragment(s). 

6. Add an equal volume of water to the pooled fractions and mix well 
Recover the DNA by precipitation with ethanol (see page 2 81) Redissolve 
the DNA in TE (pH 7 6) at an approximate concentration of 300—500 
ju.g/ml 

7. Measure the exact concentration of the DNA spectrophotometrically (see 
Appendix E), and analyze an aliquot by electrophoresis through a 0.5% 
agarose gel to assess its purity Store the DNA at -20‘’C in aliquots 
containing 1-5 /ig. 
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Note 

Ethidium bronude, at a concentration of 2 /tg/ml, can be included in sodium 
chloride gradients. The positions of the different species of DNA withm the 
gradient can then be determined visually With practice, it is possible to pool 
those fractions that contain the annealed arms vdthout prior analysis by 
agarose gel electrophoresis. If ethidium bromide is used in this way, the 
purified mms should be extracted three times with isoamyl alcohol to remove 
the dye (see Appendix B) 

Caution: Ethidium bromide is a powerful mutagen and is moderately toxic. 
Gloves should be worn when you are working with solutions that contain this 
dye. After use, these solutions should be decontaminated by one of the 
methods described in Appendix E. 
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Preparation ot" Vectors Treated with Alkaline Phosphatase 

Removal of the 5'-phosphate groups from the termini of bacteriophage A arms 
can effectively prevent self-ligation and reduce the background of nonrecom¬ 
binant bacteriophages. This method should be used when the vector contains 
a single site for cloning (e.g., AgtlO, Agtll, Agtl8-23, AZAP, or AORF8) or 
when a staffer fragment cannot be removed by physical procedures. It is very 
important that the cohesive termini of the vector be reannealed and ligated 
before treatment with phosphatase; otherwise, concatemenzation will be 
inhibited and the packaging efficiency of the DNA will be reduced signifi¬ 
cantly. 

1. Ligate the cohesive termmi of undigested vector DNA as described in the 
second note to step 2, page 2 85, and digest the ligated DNA with the 
appropnate restnction enzyme (steps 1-3, page 2 83) Test the efficiency 
of packaging of intact bacteriophage A DNA (0 01 ixg) and annealed/ 
ligated DNA (01 ng) before and after digestion with the restriction 
enzyme (see page 2.107 for the packaging protocol) If digestion is 
complete, the packaging efficiency should be reduced by at least three 
orders of magnitude Purify the digested DNA by extraction with 
phenol.chloroform and chloroform followed by precipitation with ethanol 
(see Appendix E). 

2. Resuspend the DNA at a concentration of 100 iug/ml in 10 mM Tris Cl 
(pH 8 3), and store an aliquot (0 5 /ig) on ice Treat the remainder of the 
DNA with an excess of calf intestmal alkaline phosphatase (CIP) for 1 
hour at 37°C as follows* 

a Add 01 volume of 10 x CIP dephosphorylation buffer and 0 01 unit of 
CIP for every 10 /xg of bacteriophage A DNA 

10 X CIP dephosphorylation buffer 

10 ruM ZnClj 
10 mM MgClj 
100 mM Tris-Cl (pH 8 3) 


b Mix, and incubate for 30 minutes at 37°C Then add a second aliquot of 
CIP and contmue incubation for an additional 30 minutes at 37°C. 

If the arms carry blunt or recessed 5' termini, the second half of the incubation 
should be earned out at 55°C 

Approximately 0 01 unit of CIP is needed to remove the terminal phosphates from 
1 pmole of 5' termini of DNA (1 pmole of 5' termini of a 40-kb linear DNA is 16 
Mg) 

3. Add SDS and EDTA (pH 8.0) to fined concentrations of 0.5% and 5 mM, 
respectively. Mix well, and add proteinase K to a final concentration of 
100 Mg/ml. Incubate for 30 minutes at 56°C. 
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Proteinase K is used to digest the CIP, which must be completely removed if the 
subsequent ligation reactions are to work efficiently An alternative method to 
inactivate the CIP is to heat the reaction (at the end of step 2) to 65°C for 1 hour (or 
75“C for 10 minutes) in the presence of 5 mM EDTA and then to extract once with 
phenol chloroform 

4. Cool the reaction to room temperature, and purify the bacteriophage A 
DNA by extracting once with phenol’chloroform and once with chloroform 
alone. Add 0 1 volume of 3 m sodium acetate (pH 7.0). Mix well, and add 2 
volumes of ethanol Mix well, and store at 0°C for 15 minutes. Recover 
the DNA by centrifugation at 12,000g for 10 minutes at 4“C in a mi- 
crofuge Wash the pellet with 70% ethanol at 4°C and recentrifuge. 

5. Redissolve the DNA m TE (pH 7.6) at a concentration of 300—500 ;u.g/ml. 
Store the dephosphorylated DNA at -20°C in aliquots containing 1-5 fxg 

6. Measure the efficiency of the phosphatase treatment by ligating a portion 
(0.5 /Jig) of the digested vector before and after treatment with phospha¬ 
tase (see discussion of trial ligations on page 2 94) Package the DNA into 
bacteriophage particles (see page 2 107 for protocol), and titrate the 
infectivity Phosphatase treatment should reduce ligation and the efficien¬ 
cy of packaging of the arms by two to three orders of magnitude 


Notes 

I The pH of the 3 m sodium acetate solution is 7 0 rather than the usual 5.2 
At acid pH, EDTA precipitates from solution if its concentration exceeds 
5—10 mM 

II Until recently, CIP was supplied as a suspension in a slurry of ammonium 
sulfate However, it may now be obtained as a stabilized solution (in 30 
niM triethanolamine buffer [pH 7 6], 3 mM NaCl, 1 mM MgClg, 0.1 mM 
ZnCla) It should be stored undiluted in this buffer (not frozen) 
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MHgeviion of Bacteriophage k Vectors with Two Bestrictiom Ewixymea 

Vectors such as the EMBL senes, A2001, ABASH, and Charon 34, 35, and 40 
contain a series of restnction sites, arranged in opposite onentations, in 
polyclomng sites at each end of the central stuffer fragment (Fnschauf et al 
1983). In EMBL3A, for example, the order of restriction sites in the left 
polycloning site is Sa/I-Ba7n.HI-JScoRI and the order in the right polyclomng 
site IS JEcoRI-BamHI-SaH. Digestion of such a vector with both BamHl and 
EcoBl yields left and nght arms that carry BamEl termini, a stuffer 
fragment carrying ^coRI termini, and short segments of the polyclomng sites 
carrying E'coRI and BamJil termini. These short segments can easily be 
removed by precipitation with isopropanol (see Appendix E) or by centrifuga¬ 
tion through a spun column of Sepharose CL-4B (see Appendix E) The arms 
are then unable to ligate to the stuffer fragment because EcoRI and BamHl 
termini are incompatible In this way, it is possible to obtain a decrease of 
two orders of magnitude in the number of nonrecombinant bacteriophages 
When this “biochemical selection” is used in combination with a genetic 
selection (eg, Spi), the number of nonrecombinant bacteriophages can be 
reduced by an additional two to three orders of magnitude This combined 
approach can be used with the EMBL bactenophages, A2001, and ABASH 

1. Digest the vector DNA with one of the two appropriate restriction enzymes 
as described in steps 1-3, page 2 83. Use gel electrophoresis to check that 
digestion is complete 

2, Purify the DNA by extracting twice with phenol chloroform and once with 
chloroform alone 


3. Recover the DNA from the aqueous phase by precipitation with ethanol 
Redissolve the DNA in TE (pH 7 6) at a concentration of 100-150 ug/ml 
Store an aliquot (0 5 /ig) at -20°C 


4. Digest the DNA with the second restriction enzyme Use a fourfold excess 
of enzyme, and incubate the reaction for 4 hours 

efficiency of the second digestion can be monitored in one of two ways 
. ^e series of steps outlined below (steps 5-7) can be completed, and the efficiency of 
packaging of the final preparation can then be measured before and after ligation 
It the number of nonrecombinant bactenophages is unacceptably high, the digestion 
and analysis can be repeated *- j e . e 

‘ teee ChS’l^ end-labeled 

til ^ ’^adiolabel can then be used to monitor digestion by 

roLfitw method is used, it is important to ligate the 

cohesive termmi of the vector DNA before digestion with the first restnction enzyme 

s gnificant amounts of radiolabel into the cohesive termini After end-labeling add a 

oISsUoT^ffi DNA (0 01-0 1 fig) to the remainder of the Vector 

meStbr^J^r^T I quantitative move- 

m!- ^ I * fragment and arms into the small polyclon- 

mg site, this can be readily monitored by gel electrophoresis and autoradiography 

5. I^rify the DNA by extracting twice with phenol :chloroform and once with 
chloroform alone. 
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6. Recover the DNA from the aqueous phase by precipitation with ethanol 
(see Appendix E) Redissolve the DNA in TE (pH 7.6) at a concentration 
of 300-500 /ig/ml. 

7. To determine the effectiveness of the procedure, set up trial ligation 
reactions (as discussed on page 2 94) using 0.5 ^^g of the vector digested 
with only the first enzyme (the aliquot set aside at the end of step 3 above) 
and 0.5 Mg of the final preparation. Package equivalent amounts of DNA 
(0 1 Mg) from each ligation mixture, and titrate the infectivity of the 
resulting bacteriophage particles The efficiency of packaging of the 
doubly digested vector should be two to three orders of magnitude less 
than that of the vector DNA digested with only one restriction enzyme. 
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LlgtMon of Baeteriophuge XArtuo to Fragmenta of Foreign BNA 

There are two important parameters to consider in ligating bactenophage A 
arms to segments of foreign DNA: the ratio of arms to potential inserts and 
the concentration of each DNA species in the reaction mixture Optimum 
values for both of these parameters can be estimated from theoretical 
considerations (see Chapter 1, pages 1.63-1.67). By necessity, however, such 
calculations assume that all the DNA molecules in the ligation reaction are 
perfect. Since this is rarely the case, it is advisable to carry out pilot 
reactions to check the efficiency of each new preparation of arms and 
potential inserts. 

Typically, trial ligations contain approximately 0 5-1 0 /ig of bacteriophage 
A arms and a range of concentrations of foreign DNA The molar ratio of 
arms:potential inserts m the test ligations should range from 0 25 1 to 8:1 
(see Table 2.5) and the volume of the ligation mixture should be as small as 
possible (10 jiil or less). It is essential to include controls that contain 
bacteriophage A arms but no insert and insert but no bacteriophage A arms 
Once assembled, the ligation reactions are usually incubated at 16°C for 4-6 
hours. If desired, a sample of each trial ligation can then be analyzed by 
electrophoresis through 0.6% agarose gels If the ligation reactions have been 
successful, almost all of the DNA should be at least as large as intact 
bacteriophage A DNA. 

A sample (25%) of each ligation reaction should be used as the substrate for 
an m vitro packaging reaction The ligation containing the optimum ratio of 
arms:inserts should yield at least 10®—lO’ recombinants per microgram of 
bacteriophage A arms when a commercial packaging mixture such as 
Gigapack (jold (Stratagene) is used. 


TABLE 2,5 Amounts of Potential Insert DNA Used in Trial 
Ligations of Bacteriophage XArms 


Size (kb) of potential insert DNA 

Amount of potential insert 
DNA to be used in trial ligations 

2-4 

6-200 ng 

4-8 

12-400 ng 

8-12 

24-600 ng 

12-16 

36-800 ng 

16-20 

48 ng-10 pg 

20-24 

60 ng-1 2 pg 


To determme the ratio of arms potential inserts that yields the maximum number of 
recombinant bacteriophages, a senes of tnal ligations should be set up that mTitnin a 
constant amount of arms and different amounts of potential msert The amounts of 
inserts recommended in Table 2 5 have been calculated on the assumption that the 
ligation mixtures will contain 1 jag of bactenophage A arms, 40 kb in size In ligation 
mixtures contaimng the lowest recommended amount of potential insert, the bac¬ 
tenophage A arms will be present m eightfold molar excess, m mixtures containing 
the greatest amount of potential insert, the insert will be present m fourfold molar 
excess 


2*94 Bactenophage A Victors 



CMAGIPfG OF BACTEtaOPHAGE A BNA IN EURO 

Packaging of bacteriophage A DNA in vitro was initially developed by Becker 
and Gold (1975) using mixtures of extracts prepared from bacteria infected 
with bacteriophage A mutant m genes required for assembly of bacteriophage 
particles. The procedure has been improved and modified in a number of 
laboratories to the point where efficiencies of 10® pfu//ig of intact bac¬ 
teriophage A DNA can now be reproducibly attained Approximately 0 05- 
0 5% of the DNA molecules present in the reaction cein be packaged into 
infectious virions. A diagrammatic representation of the various stages of 
packaging of bacteriophage A DNA and the stages at which various gene 
products are involved in the process is shown in Figure 2 3 (see page 2 7). 

The E protein is the major component of the bacteriophage head and is 
required for the assembly of the earliest identifiable precursor. Bac¬ 
teriophages mutant in the E gene accumulate all of the components of the 
viral capsid The D protein is localized on the outside of the bacteriophage 
head and is involved in the coupled process of insertion of bacteriophage A 
DNA into the ‘^rehead” precursor and the subsequent maturation of the 
head. Bacteriophages mutant ih the D gene accumulate the immature 
prehead but do not allow insertion of bacteriophage A DNA into the head. 
The A protein is involved in the insertion of bacteriophage A DNA mto the 
bacteriophage prehead and cleavage of the concatenated precursor DNA at 
the cos sites. Bacteriophages muta nt in the A gene also accumulate empty 
preheads Complementing extracts have been prepared from cells infected 
with A~ and or D~ and E“ strains, alternatively, extracts prepared from 
cells infected with A” mutants can be complemented by the addition of 
purified wild-type A protein 

Extracts are usually prepared from cells containing bacteriophage A 
lysogens of the appropriate genot 3 q>e (amber mutations in the A, D, or E 
gene) The lysogens also carry one or more of the following mutations: 

• clts857 or imm434 cits, which specify a temperature-sensitive bacterio¬ 
phage A repressor molecule This mutation causes bacteriophage A DNA to 
be maintained m the lysogenic state when the host bacteria are grown at 
32°C; lytic growth of the bacteriophage is induced by transiently raismg the 
temperature to 45°C to inactivate the repressor specified by the cl gene 

• <Sam7, an amber mutation in the bacteriophage S gene that is required for 
cell lysis This mutation causes capsid components to accumulate within 
bacterial cells that do not contain a supF mutation for 2—3 hours following 
induction of the cite 857 lysogen 

• 6-region deletion (62 or 61007), a deletion in the bacteriophage genome that 
removes the bacteriophage A DNA attachment site (att). This mutation 
reduces, but does not entirely eliminate, the packaging of endogenous 
bacteriophage A DNA molecules in extracts made from the mduced cells. 

• reds (in bacteriophage A) and recA (in E coli), mutations that inactivate 
the generalized recombination systems of bacteriophage A and the host, 
thereby mimmizing recombination between the endogenous bacteriophage 
A DNA in the packaging extract and the exogenously added recombinant 
genomes. 
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Maintenance and Testing of Lysogens of Bacteriophage A 

Because successful preparation of packaging extracts is dependent on the 
presence of specific mutations in the bacteriophage A genome, considerable 
care should be exercised in growing and maintaining the lysogens used to 
prepare the extracts We recommend taking the following precautions 

1. Master stocks of E. coli lysogens should be stored in glycerol at -70®C as 
described in Appendix A. Extracts should be made from cultures prepared 
directly from these master stocks as described on pages 2 100-2 103 and 
2.105-2 106. 

2. Before growing large-scale cultures, check for the presence of the mutation 
that renders the bacteriophage cl gene product temperature-sensitive by 
streaking from the master stocks of the lysogens onto LB agar plates (two 
plates for each bacterial strain) Incubate one plate of each strain at 32°C 
and the other at dS'C. The bacteria should grow only on the plates 
mcubated at 32°C Pick a smgle colony of each strain from the plates 
mcubated at 32“C, and grow small overnight cultures at 32°C Test these 
cultures once again by plating aliquots at 32°C and 45°C as described 
below. If the bacteria grow only on the plates incubated at 32°C, the 
remainder of the small overnight cultures may be used as inocula for 
larger cultures from which extracts are prepared. 

Pick small, rather than large, colomes smce the recA' mutation present in the BHB 
strains used to prepare extracts in Protocol I causes the bactena to grow slowly 
Revertants and pseudorevertants therefore have a selective advantage and give nse to 
larger colonies If necessary, the presence or absence of the recA function in the 
lysogens can be tested as follows 

1 Streak the strain being tested, a known recA' strain, and a wild-t 3 rpe E coli stram 
onto a plate as shown in Figure 2 7 (top) 

u Use a piece of cardboard to cover about one quarter of each streak Expose the 
remaining portion of each streak for 10 seconds to a hand-held ultraviolet light 
Move the cardboard so that only half of each streak is now visible, and repeat the 
exposure to ultraviolet light Move the cardboard once again so that three quarters 
of the streak is covered, and repeat the exposure to ultraviolet light Following 
overnight gp'owth, the plate should look like the one illustrated in Figure 2 7 
(bottom) 

Mutations in the recA gene prevent repair of damage induced in DNA by ultraviolet 
light, so that irradiated recA cells do not grow Different recA mutants are killed by 

different amounts of ultraviolet irradiation, but all are far more sensitive than recA* 
strams 
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Streak bacterial cultures on 
nutrient agar plates as shown 


cardboard 

shield 


Expose the plate to UV irradiation 



Total time of exposure 


0 ^' 






bacterial growth 


UGVMUE 2,7 
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Prtpnrutton ot Packaging Extracts and Packaging 
of Baetericphagc X DNA In Vitro 

Packaging extracts are available at reasonable cost from commercial sources 
These work extremely well and have largely obviated the need for individual 
research laboratories to prepare their own extracts. The methods given 
below will be of use primarily to workers who use packaging extracts m such 
large quantity that it would be improvident to purchase them 

Packaging extracts are usually prepared by growing the appropriate 
lysogenic bactena to mid-log phase at 32°C, inducing l 3 d;ic functions by 
inactivating the cl repressor protein by raising the temperature to 45°C for 
15 mmutes, and then growing the cultures for an additional 2-3 hours at 
38-39°C to allow packaging components to accumulate Cell extracts are 
then prepared. 

Of the many protocols available for the preparation of packaging extracts, 
the two presented below are the simplest to perform and are highly efficient 
Protocol I is representative of the classical t 3 qje of packaging in that two 
lysogens that provide complementing components of the packaging reaction 
are grown and induced separately Extracts of each culture are prepared and 
blended into a mixture that contains all of the components necessary for 
packaging of bacteriophage A DNA. Neither lysogen alone is capable of 
packagmg exogenously added DNA The protocol is highly reproducible and 
simple, and it results in packaging mixtures that are efficient and free from 
background (when assayed on hosts that are nonsuppressing). Two alterna¬ 
tive, but slightly more complicated, procedures for preparing this type of 
binary packaging extract are also available. The protocol described by 
Sternberg et al. (1977) is efficient, but it involves two different extracts, that 
described by Faber et al (1978) depends on the purification of the bac¬ 
teriophage A A protein and the preparation of two extracts 

Protocol II (Rosenberg et al 1985; Rosenberg 1987) differs from the 
classical procedure in two important respects. (1) Only a single lysogenic 
strain is used, and only one extract is prepared (2) The lysogenic bactena 
are a strain of E coli C. 

A single lysogen can be used to prepare packaging extracts for two reasons. 
First, the bactenophage A genome lysogenic in the strain codes for all of the 
proteins needed for packaging. Second, the cos site of the prophage has been 
deleted These features work together in the following manner Induction of 
the lysogen results in the intracellular accumulation of all protein compo¬ 
nents needed for packaging, and complete preheads are formed. However, 
the next steps in the packaging process are the recognition of the cos sites on 
concatenated bactenophage A DNA by the bacteriophage A protein amd the 
msertion of the bacteriophage A genome into the prehead The lack of the cos 
site in the prophage DNA prevents this step from occurring, and packagi n g is 
thus effectively halted at the prehead stage, even though all necessary 
components that are used later m the process are present. Exogenous DNA 
with an active cos site is inserted into the prehead, and the packaging process 
then leads to the production of an infectious bacteriophage particle. Extracts 
made in this way usually have a lower background of plaques than the 
classical binary mixtures, because the deletion of the cos site blocks packag- 
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ing of endogenous bactenophage A DNA more completely than does the 
deletion of the b region. 

E. coll C was chosen as the host for the lysogen to lessen the probability of 
recombination between cryptic bacteriophage A prophages, which are known 
to be present in the genome of E coli K, and the cos-deleted prophage. 
Furthermore, E colt C lacks the EcoK. restriction system (Rosenberg 1985). 
This system, like other restriction systems, cuts immodified DNA in a 
sequence-specific manner and is also functional imder the conditions of an m 
vitro packaging reaction Thus, extracts prepared from cells of E. coli K have 
the potential to select against DNA that contams an unmodified EcoK 
recognition site Because eukaryotic DNA used to construct libraries will not 
be protected from cleavage, clones that by chance contain an EcoK recogni¬ 
tion site may be lost from the population during packaging. Reconstruction 
experiments show that bacteriophage A DNA carrying an EcoK recognition 
site is packaged two- to sevenfold less efficiently m extracts derived from E. 
coll K than m extracts prepared from E. coli C (Rosenberg 1985) 
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PROTOCOL I: PREPARATION OF PACKAGING EXTRACTS FROM TWO LYSOGENS 

In this procedure, two separate extracts are prepared from two different 
lysogenic strains. An extract containing preheads is prepared from strain 
BHB2690 by sonication, and an extract containing the D protein and other 
components necessary for packaging is prepared from strain BHB2688 by 
freeze-thaw lysis. Packaging is earned out in vitro by mixing the two 
extracts and then adding bacteriophage A DNA (Scalenghe et al 1981, B. 
Hohn, unpubl.). 

Sonicated extract from induced BHB2690 cells (prehead donor) 

1. Make a subculture of the master stock of E. coli BHB2690 Verify its 
genotype as described on page 2.96. 

2. Read the ODgoo of a 100-ml overmght culture grown at 32°C Place 500 

ml of NZM broth, prewarmed to 32°C, in a 2-liter flask, and inoculate 
with sufficient cells to give an initial ODgoo of Incubate the 

culture at 32°C with vigorous agitation (300 cycles/minute in a rotary 
shaker) until an ODgoo of ~ 0.3 is reached (2-3 hours) It is important 
that the cultures be in the mid-log phase of growth before induction 

3. Induce the lysogen by placing the flask in a water bath preheated to 
45°C. Swirl the flask continuously for 15 minutes 

Alternatively, induce the culture by immersing the flask in a shaking 
water bath set at 65°C. As soon as the temperature inside the flask 
reaches 45°C, transfer the culture to a water bath set at 45°C and 
incubate for 15 minutes 

4. Incubate the induced cells for 2-3 hours at with vigorous 

agitation (300 cycles/minute in a rotary shaker) Check for successful 
induction by adding a drop of chloroform to a small sample of culture, it 
should clear within a few minutes 

5. Recover the cells by centnfugation at 4000g for 10 minutes at 4°C 

6. Drain off as much liquid as possible Remove any remaining medium 
with a pasteur pipette and Q-tips. Dry the walls of the centrifuge bottle 
with Kimwipes 

7. Add 3.6 ml of freshly prepared sonication buffer. Resuspend the pellet 
thoroughly, and transfer the resulting homogeneous suspension to a 
small, clear plastic tube (Falcon 2054 or 2057). 

Sonication buffer 

20 HIM Tris • Cl (pH 8.0) 

1 noM EDTA (pH 8.0) 

5 mM /3-mercaptoethanol 
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8. Sonicate in short bursts (10 seconds) at maximum power using a microtip 
probe. The tube should be immersed in ice water, and the temperature of 
the sonication buffer should not be allowed to exceed 4°C. Allow the 
sample to cool for 20-30 seconds between each burst of sonication. 
Patience is critical! Sonicate until the solution clears and its viscosity 
decreases 

The amount of sonication is cntical, and the clearmg and change in viscosity of the 
solution are not eilways readily apparent Sonicators vary widely in efficiency and 
must be tuned for maximum power output Therefore, when preparing these 
extracts, remove aliquots of the suspension after somcatmg for various times 
Process the aliquots and use them in separate packaging reactions to determine the 
optimal sonication time 

9. Transfer the sonicated sample to a centrifuge tube, and remove debris by 
centrifugation at 12,000g for 10 minutes at 4°C. 

10 . Add to the supernatant (~3 ml) an equal volume of cold sonication 
buffer and 1/6 volume of freshly prepared packagmg buffer. Dispense 
15-/tl aliquots into precooled (4°C) 1.5-ml microfuge tubes. Immediately 
close the caps of the tubes, immerse the tubes briefly in liquid mtrogen, 
and transfer them to — 70°C for long-term storage. 


Packaging buffer 

6 niM Tris • Cl (pH 8.0) 

50 mM spermidine 
50 mM putrescine 
20 niM MgClg 

30 HIM ATP (pH 7.0) (see Appendix B) 
30 niM /3-mercaptoethanol 
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Frozen-thawed lysate of induced BHB2688 cells (packaging protein donor) 

1. Make a subculture of the master stock of E. coli BHB2688 Verify its 
genotype as described on page 2 96. 

2. Read the ODgQo of a 100-ml overnight culture grown at 32°C Place 500 
ml of NZM broth, prewarmed to 32°C, in each of three 2-liter flasks, and 
inoculate with sufficient cells to give an initial ODgoo of ~ 0 1 Incubate 
the cultures at 32“C with vigorous agitation (300 cycles/minute in a 
rotary shaker) until an ODgog of ~ 0 3 is reached (2-3 hours) 

3. Induce the lysogen by placing the flasks in a water bath preheated to 
45°C. Swirl the flasks continuously for 15 minutes 

Alternatively, induce the cultures by immersing the flasks in a shaking 
water bath set at 65°C. As soon as the temperature inside the flasks 
reaches 45°C, transfer the cultures to a water bath set at 45°C for 15 
minutes. 

4. Incubate the induced cells for 2-3 hours at 38-39°C with vigorous 
agitation (300 cycles/minute in a rotary shaker) Check for successful 
induction by adding a drop of chloroform to a small sample of the culture, 
it should clear withm a few minutes 

5. Recover the cells by centrifugation at 4000g for 10 minutes at 4°C 

6. Dram off as much liquid as possible Remove any remaining medium 
with a pasteur pipette and Q-tips Dry the walls of the centrifuge bottle 
with Kimwipes 

7. Resuspend the cells in a total of 3 ml of ice-cold sucrose solution (10% 
sucrose in 50 mM Tns Cl [pH 8 0]) Dispense 0 5 ml of the suspension 
into each of six precooled (4°C) microfuge tubes Add 25 pi of fresh, 
ice-cold lysozyme solution (2 mg/ml lysozyme in 10 mM Tns Cl [pH 8 0]) 
to each tube Mix gently Quickly close the caps of the tubes and 
immerse in liquid nitrogen 

Lysozyme will not work efficiently if the pH of the solution is less than 8 0 

8. Use forceps to remove the tubes from the liquid nitrogen Thaw the 
extracts on ice Add 25 /tl of freshly prepared packaging buffer (see step 
10) page 2 101) to each tube and mix 

9. Combine the thawed extracts in a centrifuge tube, and centrifuge at 
45,000g for 1 hour at d^C 

10. Dispense 10-/xl aliquots of the supernatant into precooled (4°C) mi¬ 
crofuge tubes. Immediately close the caps of the tubes and immerse m 
iq^id nitrogen. After all of the aliquots have been frozen, remove the 
tubes from the liquid nitrogen and immediately transfer them to long¬ 
term storage at -70°C. 
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Note 


The sonicated extract and the frozen-thawed lysate can be combined at the 
time of preparation, if desired Prepare the sonicated extract first, and freeze 
15-^ll aliquots m open microfuge tubes arranged in a rack in liquid nitrogen 
Add 10 /a1 of frozen-thawed lysate directly into each tube Close the caps of 
the tubes and immerse in liquid nitrogen Store the tubes at -70°C 
The major problem in preparing combined extracts is handling the frozen 
tubes and attempting to pipette 10 fil of frozen-thawed lysate into a tube at 
-70°C Because extracts combined before or after freezing are able to 
package bactenophage A DNA with similar efficiencies, we recommend stor¬ 
ing the sonicated and frozen-thawed extracts separately 
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PROTOCOL I: PACEAGING IN VITRO USING TWO EXTRACTS 


The following protocol is from Scalenghe et al (1981) and B. Hohn (unpubl.). 

1. Remove the tubes from storage at -TO’C, and allow the packaging 
extracts to thaw on ice. The frozen-thawed lysate will thaw first. Trans¬ 
fer the frozen-thawed lysate to the still-frozen sonicated extract. 

2. Mix gently When the combined extracts are almost totally thawed, add 
the DNA to be packaged (up to 1 /tg dissolved in 5 /il of 10 mM Tris ■ Cl [pH 
8.0], 10 niM MgClg). Mix with a fine glass stirring rod (e g., a sealed 
capillary pipette) Try to avoid introducing bubbles. Incubate the tube for 
1 hour at room temperature. 

3. Add 0.5-1 ml of SM and a drop of chloroform Mix gently. Remove debris 
by centrifugation at 12,00Qg for 30 seconds at room temperature m a 
microfuge. 

4. Measure the titer of the viable bacteriophage particles by plating on the 
appropriate indicator strains as described on page 2 61. 

The titer of the bactenophage stock remains stable for at least 6 months when the 
packaging reactions are stored m closed tubes at 4°C 


Notes 

I Each batch of extracts should be tested for packaging efficiency with a 
standardized preparation of intact bacteriophage A DNA. 

II These extracts exhibit a high degree of selectivity in the size of the DNA 
that IS packaged (Sternberg et al 1977) Recombinant DNAs that are 
90% or 80% of wild-type bactenophage A in length are packaged with 
efficiencies that are 20-fold to 50-fold lower, respectively, than those 
obtained with unit-length bactenophage A 

iii. The same packaging extracts may be used for the packaging of both 
bacteriophage A and cosmids 
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PROTOCOL H: PREPARATION OF PACKAGING EXTRACTS FROM ONE LYSOGEN 

This system has been* descnbed in great detail by Rosenberg (1985,1987). It 
uses a single strain of bacteria, SMRIO (Acos2 AB acisl redZ gamam210 
clfe857 ninh <Sam7/A), which is a nonsuppressing lysogen of E. coli C. 
Cultures established from single colonies of this strain should be checked for 
inducibility as described on page 2 96. 

1. Grow a 50-ml culture of SMRIO overnight at 34'’C Measure the ODgoo- 
Place 115 ml of LB broth, prewarmed to 34'’C, in each of four 2-liter 
flasks and inoculate with sufficient cells to give an initial ODg^o of 0.015 
Grow the cells at 34'’C with vigorous agitation (300 cycles/minute m a 
rotary shaker) until the ODg^o reaches 0.8 (2 5-3 hours) 

2. While the cells are growing, prepare the following mixture in a prechilled 
microfuge tube on ice. 

HgO 255 fil 

DMSO 300 ix\ 

01m ATP (pH 7.0) (see Appendix B) 45/1.1 

Addition of DMSO to water generates heat, so allow the mixture to cool on ice for 
several minutes before adding the ATP 

3. Dispense 5 /il of the mixture into each of 60 microfuge tubes on ice Store 
the tubes on ice 

4. When the cultures have grown to ODgo,, = 0 8, transfer them to two 
2-liter flasks prewarmed to 45°C Shake the cultures vigorously at 45°C 
for 15 minutes 

5. Transfer the flasks to a shaking incubator and incubate for 90 minutes at 
37°C with vigorous agitation. 

6. Cool the cultures quickly by swirling the flasks in ice water for 5 
minutes Do not allow the cells to warm up from this point onward. 

7. Transfer the cultures to two precooled 250'ml centrifuge bottles, and 
centrifuge at 4000g for 6 minutes at 4°C in a precooled rotor. 

8. Drain off as much liquid as possible Remove any remaining medium 
with a pasteur pipette and Q-tips. Dry the walls of the centrifuge bottle 
with Kimwipes This step is best performed in a cold room. 

9. Add 4.5 ml of precooled TSP (see page 2.106) to each of the two bacterial 
pellets. Using a chilled pasteur pipette, gently resuspend the bacteria. 
Transfer both suspensions mto a single, precooled, 12-ml centrifuge tube. 
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TSP 

0.04 siTris-CKpH 7.9) 
0.01 M spermidine 
0.01 M putrescine 


10. Centrifuge at 4000^ for 6 minutes at 4°C in a precooled rotor. Carefully 
remove all the supernatant as descnbed in step 8 

11. Add 0.35 ml of precooled TSP to the pellet, and gently resuspend it using 
a thin glass rod. This step is best earned out in a cold room The 
suspension should be thick and pasty, but not viscous 

12. Use a 50-/i,l disposable glass micropipette to dispense 20 /tl of this 
suspension into each prechilled microfuge tube containing the DMSO/ 
ATP solution prepared in step 2 Vortex each tube bnefly as the extract is 
added Store the open tubes at 0°C until all of the suspension has been 
dispensed 

13. Freeze the extracts by placing the open tubes in liquid nitrogen 

14. Cap the tubes and store in liquid nitrogen. The packaging efficiency of 
the extract should remain constant for at least 4 months under these 
conditions Storage at -70°C results in a marked drop in efficiency 
within 1 week 
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PROTOCOL II: PACKAGING IN VITRO USING ONE EXTRACT 


1. Using forceps, remove the required number of tubes of packaging extract 
from the liquid nitrogen, and immediately add 10 /xl of DNA. Immediately 
thaw the extracts by placing the open tubes in a water bath set at 28°C for 
30 seconds. 

A packaging efficiency of 0 2 x 10® to lx 10® pfu per nucrogram of bacteriophage A 
DNA IS routinely obtained This efficiency is independent of the amount of DNA 
added within the range of 10 pg to 4 /ig 

2. Mix the contents of the tubes carefully, using a thin glass stimng rod (e.g, 
a sealed capillary pipette) Try to avoid introducing bubbles. Incubate the 
tubes for 90 minutes at 28°C. 

3. When the packaging reaction is complete, add 0 5 ml of SMC containing 50 
jLtg/ml DNAase I Mix well Add 3 ju,l of chloroform and mix again. Vortex 
the tubes until no solid material is visible and each lysate is homogeneous. 

To prepare SMC, mix. 

SMC-A 8 ml 

SMC-B 2 ml 

sterile HgO 190 ml 

Do not autoclave SMC 

SMC-A 

anhydrous Na2HP04 52.5 g 

KH2PO4 22.5 g 

HjO to 300 ml 

Sterilize by autoclaving for 16 minutes at 15 Ib/sq. in. on liquid 
cycle. 

SMC-B 

NaCl 10 g 

NH4CI 20 g 

iMMgCla 20 ml 

1M CaClj 2 ml 

HgO to 200 ml 

Sterilize by autoclaving for 15 minutes at 15 Ib/sq. in. on liquid 
cycle. 


4. Centrifuge at 12,00Qg for 2 nunutes at room temperature in a microfuge, 
and collect the supernatant 

5. Measure the titer of the viable bacteriophage particles by plating on the 
appropriate indicator strains as described on page 2 61 

The titer of the bactenophage stock remains stable for at least 6 months when the 
packaging reactions are stored in closed tubes at 4°C 
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IdentMcfMon and Analysis of HecomhiwuBnts 


IN SITU KTBRIDIZATION OF BACTERIOPHAGE A PLAQUES 

After a collection of recombinant bacteriophages has been prepared, it is 
necessary to identify and isolate specific desired recombinants from the 
population. The most commonly used method involves screening of bac- 
tenophage plaques by hybridization with ^^P-labeled DNA probes (Benton 
and Davis 1977) Bactenophages are plated at an appropriate density, and 
an imprint of the pattern of plaques is obtained by gently layering a 
nitrocellulose filter (or nylon membrane) onto the surface of the top agarose 
Bacteriophage particles and DNA are transferred to the filter by capillary 
action m an exact replica of the pattern of plaques After denaturation with 
alkali, the DNA is irreversibly bonded to the filter by baking and is then 
hybridized to the ^^P-labeled probe. Excess probe is washed away, and the 
filters are then exposed to autoradiographic film Hybridizing plaques, 
identified by aligning the film with the original agar plate, are picked for 
further analysis This method is particularly valuable for identif 5 ang small 
numbers of recombinant bacterioph ages th at carry sequences of interest in 
complex cDNA or genomic DNA libraries (Sim et al 1979) 

To screen a library of mammalian DNA (genome complexity 3 x lO** bp), 
several hundred thousand recombinant plaques must be examined Table 2 6 
gives the maximum number of plaques that can be screened in culture dishes 
of different sizes In the following example, the volumes given are suitable 
for screening approximately 50,000 plaques in a 150-mm petri dish 


TABLE 2,6 Numbers of Ptaquea in Culture Dishes of Various Sines 


Size of petri dish 

Total area 

Volume of 
bottom agar 

Volume of 
indicator 
bacteria 

Volume of 
top agarose 

Maximum 
number of 

(mm) 

(cm^) 

(ml) 

(ml) 

(ml) 

plaques/dish 

90 

63.9 

30 

0.1 

25 

15,000 

150 

176 7 

80 

03 

65 

50,000 
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ImmohiliaMtUtm of BiusterUtphage A Ptaques on NUroceUwOose FUiers 
or Nylon Membranes 

This method is modified from that of Benton and Davis (1977) 

1. Mix aliquots of a packaging reaction or bacteriophage A stock containing 
no more than 50,000 bacteriophage particles in a volume of 50 jxl or less 
with 0 3 ml of plating bacteria (see page 2.60). Incubate the infected 
bacteria for 20 minutes at 37°C 

2. Add to each aliquot 6.5 ml of molten (47°C) top agarose (0 1%) and pour 
onto a 150-mm agar plate The plates must be dry; otherwise, the layer 
of top agarose will peel off when the filter is removed Usually, 2-day-old 
plates that have been dried for several additional hours at 37°C with the 
lids slightly open work well In humid weather, however, incubation for 
1 day or more at 41°C may be necessary 

Be sure to use top agarose rather than top agar, since agar peels off even more easily 
than agarose 

3. Incubate the plate containing the infected bacteria at 37°C until the 
plaques reach a diameter of approximately 1 5 mm and are just begin¬ 
ning to make contact with one another (10-12 hours) The plate should 
not show confluent lysis 

4. Chill the plates at 4°C for at least 1 hour to allow the top agarose to 
harden 

5. Number nitrocellulose filters (Millipore HATF or HAWP, Schleicher and 
Schuell BA85, or equivalent) or nylon membranes (Schleicher and 
Schuell, Nytran, or equivalent) with a soft-lead pencil or a ballpoint 
pen 

If the filters will be hybridized to a number of different probes, it is better to use 
nylon membranes rather than nitrocellulose filters Nylon membranes are more 
pliable than nitrocellulose filters and withstand repeated exposure to extremes of 
temperature far better Nylon membranes are also preferred when hybridization is 
to be earned out in solvents containing tetramethylammonium chloride (see Chapter 
11) However, different brands of nylon membranes vary in their ability to bind 
DNA, in the ease with which they can be stripped of radiolabeled probes, and in the 
degree to which they distort during repeated rounds of stripping and rehybndization 
(Khandjian 1987) It would therefore be sensible to check the properties of nylon 
membranes obtained from different manufacturers before attempting large-scale 
screening of bactenophage A libraries Follow the manufacturer’s recommendations 
closely, since they have presumably been shown to lead to optimal results The 
protocol given below works well with all commercial brands of nitrocellulose filters 

6. Remove the plates from the cold room or refrigerator, and, at room 
temperature, place a dry, circular nitrocellulose filter neatly onto the 
surface of the top agarose so that it comes into direct contact with the 
plaques Be careful not to trap air bubbles The filter should be handled 
with gloved hands, finger oils prevent wetting of the filter and affect 
transfer of DNA. Mark the filter in three or more asymmetric locations 
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by stabbing through it and into the agar beneath with an 18-gauge 
needle attached to a syringe containing waterproof black drawing ink 

Once in contact with the top agarose, the filter wets very rapidly and transfer of 
bactenophage DNA occurs quickly, Therefore, do not move the filter once contact 
with the plate is made The easiest way to place the filter on the plate is to hold it 
by its edges, bending it slightly so that the middle of the filter makes contact with 
the center of the plate Wetting action then pulls the filter onto the plate Make 
certain that the keying marks are asymmetrically placed and that both the filter and 
the plate are marked There must be enough ink on the plate to be easily visible 
when a second filter is in place Large blotches of ink, however, are undesirable 

7. After 30-60 seconds, use blunt-ended forceps (e g, Millipore forceps) to 
peel off the first filter and immerse it, DNA side up, in a shallow tray of 
denaturing solution (0 5 N NaOH, 15m NaCl) for 1-5 minutes Transfer 
the filter into neutralizing solution (15 m NaCl, 0 5m Tris • Cl [pH 7 4]) 
for 5 minutes. Rinse the filter in 2 x SSC, and place it, DNA side up, on 
paper towels to dry. 

If any top agarose peels off the plate and adheres to the filter, remove it by gently 
agitating the filter m denaturing solution 

G Struhl (unpubl) has developed the following procedure to fix bactenophage A 
DNA to nitrocellulose filters that avoids treating filters with alkali and neutralizing 
solution This can save time when dealing with large numbers of filters 
a After removing the filters from the top agarose, place them, DNA side up, on 
paper towels for 5-10 minutes 

b When the edges of the filters begin to curl, place them in stacks of ten interleaved 
with circular Whatman 3MM papers Place a few 3MM papers on the top and 
bottom of the stack 

c Place the stacks on a small platform (e g, the bottom of a Pyrex dish) in an 
autoclave Expose to “streaming steam” for 3 minutes (i e , 100°C—avoid super¬ 
heated steam) 

d Transfer the stack of filter papers and nitrocellulose filters to a vacuum oven 
Bake for 2 hours at 80°C while drawing a vacuum continuously Any papers that 
stick to the nitrocellulose filters can be removed by soaking in 2 x SSC before 
prehybndizing 

When many filters are to be processed at one time, an alternate procedure is to 
transfer them from the surfaces of the agarose plates to a large piece of 3MM paper 
soaked m denaturing solution Plastic cafeteria trays can be used to hold the 3MM 
paper After 2 minutes, quickly transfer the filters to a fresh piece of 3MM paper 
soaked m neutralizing solution When transferring the filters, use the edge of the 
first cafeteria tray to remove as much fluid as possible from the underside of the 
filters After 3 minutes, transfer the filters to a third sheet of 3MM paper that has 
been soaked in neutralizing solution After 3 minutes, rinse the filters briefly in 2 x 
SSC and place them on paper towels to dry 

8, Place a second dry filter onto the same plate and mark it with waterproof 
black drawing ink at the same locations as in step 6 After 1-2 minutes, 
peel off the filter, denature the DNA, and neutralize as described in step 
7. 

Generally, the first filter is left in contact with the plaques for 30-60 
seconds and subsequent filters are left in contact about 30-60 seconds 
longer, or until the filter is completely wet. As many as seven replicas 
have been prepared from a single plate (Benton and Davis 1977), but the 
strength of the hybridization signal decreases significantly after the third 
filter. 


2* 110 Bacteriophage A Vectors 



9. After all of the filters are dry (usually 30-60 minutes at room tempera¬ 
ture), sandwich them between sheets of 3MM paper. Fix the DNA to the 
filters by baking for 30 minutes to 2 hours at SO'C in a vacuum oven. 

Overbaking cein cause the filters to become brittle Filters that have not been 
completely neutralized turn yellow or brown during bakmg and chip very easily 
The background of nonspecific hybridization also increases dramatically 

Baking at 80°C is not necessary to fix DNA to some types of nylon membranes (see 
manufacturer’s instructions) 

10. Hybridize the DNA immobilized on the filters to a ^^P-labeled probe as 
described on pages 2.114-2 117 

Any filters not used immediately in hybndization reactions should be wrapped 
loosely m aluminum foil and stored under vacuum at room temperature 
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Immobillzatton of Bacteriophage A Ptagnes on mtroeeUMaiase Filters 
Following In Slim AmpUJtcafion 

Woo et al (1978) and Woo (1979) have described a modification of the Benton 
and Davis (1977) screening method that involves amplification of the bac¬ 
teriophages on the nitrocellulose filter prior to hybndization Because more 
bacteriophage DNA becomes attached to the nitrocellulose filter, the au¬ 
toradiographic signals from positive clones are enhanced approximately 
fivefold Amplification therefore leads to an improvement in the ratio of 
signal to noise and also allows the length of the autoradiographic exposure to 
be reduced Amplification is particularly valuable when oligonucleotides of 
high degeneracy are used as probes (see Chapter 11) or when only a small 
amount of a valuable probe is available Extra caution is required to 
minimize the background of nonspecific hybridization caused by the flond 
bacterial growth on the filter. 

1. Plate out the bacteriophages that are to be screened as described on page 
2 109, steps 1-2. However, use 0 3 ml of plating bacteria per 90-mm 
plate and 1 ml of plating bactena per 150-mm plate so that the bacterial 
lawn grows rapidly. Incubate the plates containing the infected bactena 
at 37°C 

2. Prepare a set of numbered, stenle nitrocellulose filters (Millipore HATF 
or HAWP, Schleicher and Schuell BA85, or equivalent) if aqueous sol¬ 
vents are to be used in the hybridization mixture If tetramethylam- 
monium chloride is to be used in the hybridization mixture or washing 
solution, nylon membranes may be required (see Chapter 11) 

To prepare filters, number dry nitrocellulose filters with a soft-lead pencil or a 
ballpoint pen, wet them with water, and sandwich them between dry Whatman 
3MM papers Wrap the stack of filters in aluminum foil, and sterilize them by 
autoclaving (15 Ib/sq in on liquid cycle) 

3. When the plaques are about 0 5 mm in diameter, remove the plates from 
the incubator and chill at 4°C for at least 1 hour to allow the top agarose 
to harden 

4. Gently place a nitrocellulose filter onto the surface of one of the plates 
Key the filter to the plate with marks made with waterproof black 
drawing ink (see step 6, page 2 109) Store the plate in the refrigerator 
for 5 minutes to allow transfer of the bacteriophages and bacteria to take 
place 

5. Remove the filter from the plate and transfer it to a fresh agar plate. 
The side that was in contact with the bacteriophage plaques should face 
upward 

6. Repeat steps 4 and 5 with a second and third filter, if desired. 

7. Wrap the master plates in Parafilm and store at 4°C in an inverted 
position until the results of the hybridization reaction are available. 
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8. Incubate the replica plates at 37°C until a thick bacterial lawn with 
clearly visible plaques has appeared on the filter (5-12 hours) 

If the bacterial lawn is not dense at this stage, the bacteriophage plaques can streak 
during subsequent transfer 

Bacterial growth is more rapid on nitrocellulose filters than on nylon membranes. 

In the original procedure described by Woo et al (1978), the filters were soaked in a 
suspension of bacteria and then dried before they were applied to the bacteriophage 
plaques This soaking is unnecessary, since sufficient bacteria are transferred from 
the dense lawn to allow several more rounds of bacteriophage replication 

9. Saturate a piece of Whatman 3MM paper in a baking or petn dish with 
denaturing solution (0.5 n NaOH, 15 m NaCl) Pour off the excess liquid. 
Remove the filters from the plates and place them, plaque side up, on the 
saturated 3MM paper for 5 minutes. 

10. Transfer each filter to a piece of 3MM paper saturated with neutralizing 
solution (15 m NaCl, 0 5m Tns Cl [pH 7 4]) After 5 minutes, transfer 
the filters to a fresh sheet of 3MM paper also saturated with neutralizing 
solution After 5 minutes, transfer the filters, plaque side up, to paper 
towels to dry 

When transfernng the filters, use the edge of the dish to scrape as much fluid as 
possible from the underside of the filters 

11. After all the filters are dry (usually 30-60 minutes at room temperature), 
sandwich them between sheets of 3MM paper Fix the DNA to the filters 
by baking for 30 minutes to 2 hours at 80°C in a vacuum oven. 

Overbaking can cause the filters to become brittle Mters that have not been 
completely neutralized turn yellow or brown during baking and chip very easily 
The background of nonspecific hybridization also increases dramatically 

Baking at 80“C is not necessary to fix DNA to some types of nylon membranes (see 
manufacturer’s instructions) 

12. Hybridize the DNA immobilized on the filters to a ®^P-labeled probe as 
described on pages 2.114—2 117 

Any filters not used immediately m hybridization reactions should be wrapped 
loosely in aluminum foil and stored under vacuum at room temperature 

To reduce background, wash the filters before hybridization for 30-60 minutes in 
5 X SSC, 0 5% SDS at 65°C Then gently scrape the bacterial debris from the 
surface n’gir>e Kimwipes soaked in the same buffer Neither the intensity of the 
hybridization signal nor its sharpness is affected by this procedure After removing 
the bacterial debris, rinse the filters in 6 x SSC, 0 5% SDS, and then prehybridize 
and hybndize the filters as described on pages 2 114-2 117 
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Hybridisation to NitroeeltuMose FUtera ContaiMiiwiy RepUcaa 
ot BaeteriophMge XPiaqnes 

For a general discussion of the factors that affect the rate and specificity of 
hybridization of radioactive probes to nucleic acids immobilized on solid 
supports, see Chapter 9, pages 9.47-9.51. 

The following protocol is designed for 30 circular filters, 82 mm in diam¬ 
eter. Appropriate adjustments should be made to the volumes when carrying 
out hybridization reactions with different numbers or sizes of filters 

1. Float the baked filters on the surface of a tray of 2 x SSC until they have 
become thoroughly wetted from beneath Submerge the filters for 5 
minutes 

2. Optional Transfer the filters to a circular glass crystallizing dish con¬ 
taining 100 ml of prewashing solution Stack the filters on top of one 
another in the solution, and cover the dish with Saran Wrap In this and 
all subsequent steps, the filters should be slowly agitated on a rotating 
platform in a water bath or incubator at the appropriate temperature to 
prevent them from sticking to one another 

Important: Do not allow the filters to dry at any stage during the 
prewashing, prehybridization, or hybridization steps 


Prewashing solution 

5x SSC 
0.5% SDS 

1 mM EDTA (pH 8.0) 


Incubate the filters for 1-2 hours at 42°C Then, gently scrape the 
bactenal debris from the surfaces of the filters using Kimwipes soaked in 
the prewashing solution. This reduces background hybridization without 
affecting the intensity or sharpness of positive signals 

3. Transfer the filters to a glass crystallizing dish containing 60 ml of 
prehybndization solution Incubate for 1-2 hours at the appropriate 
temperature (68°C when hybridization is to be carried out m aqueous 
solution, 42‘’C when hybridization is to be carried out m 50% formamide) 

Some workers prefer to incubate the filters in sealed plastic bags (Sears Seal-A-Meal 
or equivalent) (see, e g, Chapter 9, page 9 53) This method avoids problems of 
evaporation and, because the sealed bags can be submerged m a water bath, ensures 
that the temperatures dunng hybndization and washing are correct The bags must 
be opened and resealed when changing buffers To avoid radioactive contamination 
of the water bath, the resealed bag containing radioactivity should be sealed inside a 
second, noncontaminated bag 

Often, small bubbles of air form on the surface of the filter as the temperature of 
the prehybndization solution increases It is important that these bubbles be 
removed by occasionally agitatmg the fluid in the bag, otherwise, the components of 
the prehybndization solution will not be able to coat the filter evenly This problem 
can be minimized by heating the prehybndization solution to the appropriate 
temperature before adding it to the bag 

The filters should be completely covered by the prehybndization solution. Dunng 
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prehybndization, sites on the nitrocellulose filter that nonspecifically bind single- or 
double-stranded DNA become blocked by proteins in the BLOTTO 
When ®*P-labeled cDNA or RNA is used as a probe, poly(A) at a concentration of 1 
/xg/ml should be included in the prehybndization and hybndization solutions to 
prevent the probe from binding to T-nch sequences that are found fairly commonly 
in eukaryotic DNA 

Whether or not to use a prehyhndization solution containing formamide is largely a 
matter of personal preference Both versions of these solutions give excellent results 
and neither has clear-cut advantages over the other However, hybndization m 50% 
formamide at 42°C is less harsh on mtrocellulose filters than is hybndization at 68°C 
in aqueous solution Offsetting this advantage is the two- to threefold slower rate of 
hybndization in solutions containing formamide 

To maximize the rate of annealing of the probe with its target, hybndizations are 
usually earned out in solutions of high ionic strength (6 x SSC or 6 x SSPE) at a 
temperature that is 20-25°C below (see Chapter 9, pages 9 50-9 51) Both 
solutions work equally well when hybndization is carried out in aqueous solvents 
However, when formamide is included in the hybndization buffer, 6 x SSPE is 
preferred because of its greater buffenng power 


Prehybridization solution 
Either 

50% formamide 
6 X SSC (or 6 x SSPE) 

0.05 X BLOTTO 
or 

6 X SSC (or 6 x SSPE) 

0.05 X BLOTTO 

Formamide: Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used without further treatment. However, if 
any yellow color is present, the formamide should be deionized by 
adding Dowex XG8 mixed-bed resin and stirring on a magnetic 
stirrer for 1 hour and filtering twice through Whatman No. 1 
paper. Deionized formamide should be stored in small aliquots 
under nitrogen at -70°C. 

1 X BLOTTO: Bovine Lacto Transfer Techmque Optimizer (John¬ 
son et al. 1984) is 5% nonfat dried milk dissolved m water 
containing 0.02% sodium azide. It should be stored at 4°C. 1 x 
BLOTTO is as effective a blocking agent as Denhardt’s re¬ 
agent, but much less expensive. It should not be used in combina¬ 
tion with high concentrations of SDS, which will cause milk 
proteins to precipitate. If background hybridization is a problem, 
NP-40 may be added to the hybridization solution to a final 
concentration of 1%. BLOTTO should not be used as a blocking 
agent when radiolabeled RNA is used as a hybndization probe, 
because of the possibility that the dried milk may contain signifi¬ 
cant amounts of RNAase activity. 

Caution: Sodium azide is poisonous. It should be handled with 
great care wearing gloves, and solutions containing it should be 
clearly marked. 
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4. Denature ®^P-labele<i double-stranded DNA probe by heating for 5 min¬ 
utes to 100°C. Chill the probe rapidly in ice water. Single-stranded 
probe need not be denatured. Add the probe to the prehybndization 
solution covering the filters Incubate at the appropriate temperature 
until 1-3 X is achieved (see Chapter 9, page 9.48). During the 
hybridization, the containers holding the filters should be tightly closed 
to prevent loss of fluid by evaporation. 

Alternatively, the probe may be denatured by adding 0 1 volume of 3 N NaOH After 
5 minutes at room temperature, transfer the probe to ice water and add 0 05 volume 
of 1 M Tns Cl (pH 7 2) and 0 1 volume of 3 N HCl Store the probe in ice water until 
it IS needed. 

Between 2 x 10® and 1 X 10® cpm of ®^P-labeled probe (sp act > 5 x lO’ cpm//ig) 
should be used per milliliter of prehybndization solution Using more probe will 
cause the background of nonspecific hybndization to increase, using less will reduce 
the rate of hybridization 

5. When the hybndization is completed, remove the hybridization solution 
and immediately immerse the filters in a large volume (300-500 ml) of a 
solution of 2 X SSC and 0.1% SDS at room temperature Agitate the 
filters gently, and turn them over at least once during washing After 5 
minutes, transfer the filters to a fresh batch of wash solution and 
continue to agitate them gently Repeat the washing procedure twice 
more At no stage dunng the washing procedure should the filters be 
allowed to dry 

Hybridization mixtures containing radiolabeled single-stranded probes may be 
stored at 4“C for several days and reused without further treatment However, 
hybridization mixtures containing complementary strands of DNA should be dis¬ 
carded, since there is no satisfactory way to denature the double-stranded DNA that 
forms during the first round of hybridization 

6. Wash the filters twice for 1—1 5 hours in 300—500 ml of a solution of 1 x 
SSC and 0 1% SDS at 68°C At this point, the background is usually low 
enough to put the filters on film If the background is still high or if the 
experiment demands washing at high stringencies, immerse the filters 
for 60 minutes in 300-500 ml of a solution of 0 2 x SSC and 01% SDS at 
68°C 


7. Dry the filters in the air on paper towels at room temperature Arrange 
the filters (numbered side up) on a sheet of Saran Wrap Apply adhesive 
dot labels marked with radioactive ink to several asymmetric locations 
on the Saran Wrap These markers serve to align the autoradiograph 
with the filters Cover the labels with Scotch Tape This prevents 

contamination of the film holder or intensifying screen with radioactive 
ink. 


^dioactive ink is made by mixing a small amount of with waterproof black 

j convenient to make the ink m three grades, very hot 
{ 2000 cps on a h^d-held mimmonitor), hot (>500 cps on a hand-held 

minimonitor), and cool (> 50 cps on a hand-held mmimomtor) Use a fiber-tip pen to 
desired hotness to the adhesive labels Attach radioactive-wammg 
tape to tne pen, and store it in an appropriate place 
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8. Cover the filters with a second sheet of Saran Wrap Expose the filters to 
X-ray film (Kodak XAR or equivalent) for 12-16 hours at -70°C with an 
intensifying screen (see Appendix E). 

9. Develop the film and align it with the filters using the marks left by the 
radioactive ink Use a nonradioactive fiber-tip pen to mark the film with 
the positions of the asymmetrically located dots on the numbered filters. 
Tape a piece of clear Mylar or other firm transparent sheet to the film 
Mark on the clear sheet the positions of positive hybridization signals. 
Also mark (in a different color) the positions of the asymmetrically 
located dots Remove the clear sheet from the film. Identify the positive 
plaques by aligning the dots on the clear sheet with those on the agar 
plate 

Some batches of mtrocellulose filters swell and distort during hybridization and 
subsequent drying, so that it becomes difficult to align the two sets of dots This 
problem can be alleviated to some extent by autoclaving the diy filters between 
pieces of damp Whatman 3MM paper before use (10 Ib/sq in for 10 minutes on 
liquid cycle) Nylon membranes do not suffer from this problem 

10. Each positive plaque should be picked as described on page 2 63 and 
placed in 1 ml of SM containing a drop of chloroform Often, the 
alignment of the filters with the plate does not permit identification of an 
individual hybridizing plaque In this case, an agar plug containing 
several plaques should be picked. An aliquot (usually 50 of a 10'^ 
dilution) of the bacteriophages that elute from the agar plug is replated 
so as to obtain approximately 500 plaques on a 90-mm plate. These 
plaques are then screened a second time by hybridization A single, 
well-isolated positive plaque should be picked from the secondary screen 
and used to make a plate stock (see page 2 65 or 2.66) 
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RAPID ANALYSIS OF BACTERIOPHAGE A ISOLATES 

After specific clones have been identified by hybridization, it is important to 
characterize them by restriction endonuclease digestion and gel elec¬ 
trophoresis before proceeding further. Two methods are presented below for 
the rapid preparation of small amounts of bacteriophage A DNA that are pure 
enough to be analyzed by restriction endonuclease digestion: the plate lysate 
method (E F. Fritsch, unpubl.) aind the liquid culture method (Leder et al 
1977) Both methods work equally well, although there are occasional 
problems with the yield and purity of the bacteriophage DNA If trouble 
should arise, make up new batches of reagents and use a fresh bacterial 
culture that has been grown from a single colony 


Plate Ideate Method 

1. Usmg a pasteur pipette, pick a single, well-isolated bacteriophage plaque 
(see page 2.63) and place in 1 ml of SM containing a drop of chloroform in 
a small, sterile tube Store the suspension for 4-6 hours at 4°C to allow 
the bacteriophage particles to diffuse out of the top agarose 

2. In a small, sterile culture tube, mix 50-100 p.1 of the bacteriophage 
suspension (~ 10® pfu) with 100 /xl of plating bacteria (see page 2 60) 
Incubate for 20 mmutes at 37°C Add 2 5 ml of molten (47°C) top agarose 
(0 7%), and spread the bacterial suspension on the surface of a freshly 
poured 90-mm plate containing 30 ml of NZCYM plus 1 5% agarose 

Freshly poured plates give much better yields of bacteriophage than older, dry 
plates Do not use agar to make the bottom medium, since most batches contain 
potent inhibitors of restnction enzymes 

3. Invert the plate and incubate at 37°C until the plaques cover almost the 
entire surface of the plate (9-14 hours) 

4. Add 3 ml of A diluent directly onto the surface of the top agarose, and 
allow the bacteriophage particles to elute during 1-2 hours of storage at 
room temperature with constant, gentle shaking 

A diluent is used rather than SM because it lacks gelatin, which is sometimes 
difficult to remove by extraction with phenol 

A Diluent 

lOmMTris-Cl (pH 7.5) 

10 niM MgSO,i 


5. Transfer the A diluent to a centrifuge tube, and remove the bacterial 
debns by centrifugation at 4000g for 10 mmutes at 4°C 

6. Transfer the supernatant to a centrifuge tube, and add 1 fi\ each of 
RNAase A (1 mg/ml) and DNAase 1(1 mg/ml). Incubate the mixture for 
15 mmutes at 37°C. 
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7. Add an equal volume of a solution containing 20% w/v polyethylene 
glycol (PEG 8000) and 2 m NaCl in A diluent. Mix by gentle vortexing, 
and incubate for 1 hour at 0°C (i e , in ice water). 

8. Recover the precipitated bacteriophage particles by centrifugation at 
lOjOOOg for 10 minutes at 4°C 

9. Remove the supernatant by gentle aspiration Stand the tube in an 
inverted position on a paper towel to allow all of the fluid to drain away. 

10. Add 0 5 ml of TE (pH 8 0), and resuspend the bacteriophage particles by 
vortexing If any debns is visible, remove it by brief centrifugation and 
discard 

11. Add 5 p.1 of 10% SDS, and incubate for 5 minutes at 68°C 

12. Add 10 /aI of 5 M NaCl Purify the bacteriophage DNA by extracting once 
with phenol.chloroform and once with chloroform alone Transfer the 
aqueous phase to a fresh microfuge tube between the extractions. 

13. Add an equal volume of isopropanol to the aqueous phase, and mix. 
Store at -70°C for 15 minutes Recover the DNA by centrifugation at 
12,000g for 15 minutes at 4°C in a microfuge 

14. Wash the pellet with 70% ethanol, and recentrifuge briefly Remove the 
supernatant by gentle aspiration, and allow the pellet to dry at room 
temperature for a few minutes 

15. Dissolve the DNA m 50 /il of TE (pH 8 0) 

16. Place 10 (A of the solution in a fresh microfuge tube. Add 1 2 /a 1 of the 
appropriate restriction enzyme buffer and 1—2 units of the desired 
restriction enzyme Incubate for 1-2 hours at the appropriate tempera¬ 
ture. Store the remainder of the preparation at — 20°C 

17. Analyze the DNA fragments in the restriction digest by gel elec¬ 
trophoresis 


Notes 

1 Two problems commonly arise with this method First, the 3 ueld of 
bacteriophage A DNA may be low; second, the DNA may be resistant to 
cleavage by restriction enzymes The yield of DNA depends partly on the 
strain of bacteriophage A and partly on the conditions of growth We have 
found that the method works with all strains of bacteriophage A in 
common use as vectors, except those that give rise to red' gam~ recombi¬ 
nants, which simply do not grow to sufficiently high titer For slower- 
growing bacteriophages, it may sometimes be necessary to adjust the ratio 
of bacteria to bacteriophages in the inoculum. 
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If the bacteriophage DNA cannot be cleaved with restnction enzymes, 
we suggest adding DNAase-free pancreatic RNAase (20 pig/ml) (see Ap¬ 
pendix B) to the restnction enzyme buffer or increasing the volume of the 
restnction digest to 100 jtil as follows* To 10 jU.1 of the DNA preparation, 
add 80 ju,l of TE (pH 8.0), 10 fi\ of 10 x restriction enzyme buffer, and 1 ;u,l 
of restnction enzyme After incubation for 12 hours at the appropnate 
temperature, add 10 /al of 3 m sodium acetate (pH 5 2) and 220 jitl of 
ethanol. After storage for 30 minutes, recover the DNA by centnfugation 
at 12,000g for 5 minutes at 4°C in a microfuge. Remove the supernatant 
by gentle aspiration, and allow the pellet to dry at room temperature 
Dissolve the pellet m a small volume of TE (pH 8 0), and analyze the 
fragments by gel electrophoresis 

If problems persist, a number of other, more lengthy procedures are 
available (e.g., purification of bacteriophage A particles on columns of 
DEAE-cellulose [Helms et al 1985]). 

li The infectivity of DNA prepared m this way and packaged m vitro is 
identical to that of more highly punfied bactenophage A DNA 
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wM C^Ifwre Method. 


In general, bacteriophage A does not grow to as high a titer in liquid cultures 

as m plate lysates This method should therefore be used only with 

extremely vigorous strains of the bacteriophage. 

1. Using a pasteur pipette, pick a single, well-isolated bacteriophage plaque 
(see page 2.63) and place in 1 ml of SM containing a drop of chloroform in 
a small, sterile tube Store the suspension for 4—6 hours at 4°C to allow 
the bacteriophage particles to diffuse out of the top agarose. 

2. In a 25-ml tube, mix 0.5 ml of the bacteriophage suspension (~ 3 x 10® 
bacteriophages) with 1 6 x 10® bacterial cells in stationary phase. Incu¬ 
bate for 15 minutes at 37°C Both the absolute amounts of bacteriophages 
and bacterial cells and the ratio between them are important. It is best to 
use bacteriophage stocks or plaque eluates of known titer, 

3. Add 4 ml of NZCYM medium, and incubate for approximately 9 hours at 
37°C with agitation The culture should clear, but veiy little debris 
should be evident. 

4. Add 0 1 ml of chloroform to the culture, and continue incubation for a 
further 15 minutes at 37°C with agitation Transfer the lysate to a 5-ml 
polypropylene centrifuge tube. Centrifuge at SOOQg for 10 minutes at 4°C. 

5. Continue with the plate lysate method at step 6 (see page 2.118). 


Notes 

I If lysis does not occur, or is incomplete, add an equal volume of pre¬ 
warmed NZCYM medium to the cultures and continue incubation for a 
further 2—3 hours at 37°C with vigorous agitation (300 cycles/minute in a 
rotary shaker) 

II Although most strains of bacteriophage A grow well m liquid culture and 
routinely yield lysates containing approximately 5 x 10® pfu/ml, there are 
some strains that replicate poorly The problem can often be solved by 
increasing the ratio of bacteriophage to bacteria in the infection or by 
growing the infected culture at 39°C—the optimum temperature for 
growth of the bacteriophage. In addition, some workers prefer to carry out 
the adsorption step at O^C in the presence of 5 mM CaClg (Patterson and 
Dean 1987) This allows a more uniform infection and s 3 aichronous 
growth of the bacteriophage 
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Casmid Vectors 



Cosmid vectors were originally designed to clone and propagate large seg¬ 
ments of genomic DNA As discussed in Chapter 9, the number of recombi¬ 
nant clones required to form a complete library of genomic DNA is fixed not 
only by the size of the genome, but also by the capacity of the vector. The 
larger the fragment of DNA that can be propagated in the vector, the smaller 
the number of recombinants in the library The availability of vectors of 
large capacity was expected to reduce significantly the labor involved in the 
construction, propagation, and screening of genomic DNA libraries of organ¬ 
isms with large genomes (Colhns and Hohn 1978) Unfortunately, because of 
technical problems (see below), these hopes have been realized only partially 
Nevertheless, the large capacity of cosmid vectors has proved useful in two 
particular circumstances: 

1 To clone and propagate an entire eukaryotic gene within a single recombi¬ 
nant. Many genes of higher eukaryotes contain large and numerous introns 
and are thus too big to be cloned and propagated as a single segment of 
DNA in bactenophage A or plasmid vectors For example, the genes 
coding for chicken pro a2 collagen (Ohkubo et al. 1980, Vogeh et al 1980; 
Wozney et al. 1981), munne dihydrofolate reductase (DHFR) (Nunberg et 
al 1980), and human steroid sulfatase (Yen et al 1987) are all at least 40 
kb m length, much larger than the maximum size of foreign DNA (~24 kb) 
that can be propagated in bacteriophage A vectors Although plasmid 
vectors can, in theory, carry larger inserts, the resulting recombinants 
transform Escherichia coli very inefficiently Plasmids carrying large 
fragments of DNA are therefore likely to be underrepresented in genomic 
DNA libraries 

2 To clone and analyze a region of eukaryotic DNA encompassing a family of 
genes Even a relatively simple family of genes (e g, the mammalian 
globin genes) is spread over at least 70 kb of genomic DNA (Fritsch et al 
1980), and more complex loci may occupy several hundred kilobases 
(Steinmetz et al 1982) Such large regions of the genome are usually 
cloned in a series of overlapping recombinants isolated by chromosome 

walking In this techmque, a segment of nonrepetitive DNA isolated 
from one end of a recombinant is used as a probe to identify recombinant 
clones containing the adjacent sequence This process is repeated until 
the entire region of interest has been recovered 
Because chromosome walking is a slow process, with each step taking 
perhaps a month or more, the use of cosmids rather than bactenophage A 
can be a considerable advantage Since the maximum size of foreign DNA 
that can be propagated in cosmids is approximately 45 kb, the length of a 
step in a cosmid library is potentially almost double the length of a step m 
a bacteriophage A library 

The feasibility of cloning large fragments of DNA in cosmids was first 
established by Roy^ et al (1979), who isolated two cosmid clones from a 
cosmid library of chicken DNA. The two clones contained two overlapping 
fragments that together spanned more than 46 kb of DNA and contained the 
ovalbumin gene and two ovalbumm-like genes. Since then, cosmid cloning 
has been used for the construction of gene libraries and the isolation of genes 
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from many species, including Drosophila (Meyerowitz et al. 1980; Ish- 
Horowicz and Burke 1981), mouse (Cattaneo et al. 1981; Poustka et al. 1984; 
Steinmetz et al 1986), and man (Grosveld et al. 1981, 1982; Lindenmaier et 
al 1985) 

The chief technical problems that originally beset the construction and 
propagation of genomic DNA libraries in cosmid vectors were: 

• Concatenation of the vector, which results in cosmids lacking inserted 
eukaryotic DNA 

• Insertion of more than one segment of foreign DNA into the same recombi¬ 
nant cosmid. 

• Instability of foreign DNA sequences Recombination between repeated 
elements can result in loss or rearrangement of cloned segments of 
eukaryotic DNA. 

• Wide variation in the 5neld of different recombinant cosmids. 

• Differential growth of clones canying recombinant cosmids, which leads to 
over- or underrepresentation of genomic DNA sequences in amplified cos¬ 
mid libraries 

Although most of these difficulties have been solved, genomic DNA cloning in 
cosmids remains a more difficult proposition than cloning in bacteriophage A, 
in large part because of the logistical problems involved in handling a large 
number of recombinant bacterial colonies and screening them by hybridiza¬ 
tion. Cloning in cosmids is therefore used primarily in circumstances where 
the twofold greater capacity of cosmids has a significant advantage. Bac¬ 
teriophage A continues to be the vector of choice for the routine construction 
of genomic DNA libraries 
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FIGURE 3.1 

The figure shows in diagrammatic form the steps involved in clomng in cosmid vectors Each step 
IS discussed in more detail in the text 
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€!loniwBg in Cosmid Vectors 


In their simplest form, cosmid vectors are modified plasmids that carry a 
copy of the DNA sequences (cos sequences) required for packagmg DNA mto 
bacteriophage A particles. Because cosmids carry an origin of rephcation 
(usually the ColEl origin) and a drug resistance marker (usually amp^), 
cosmid vectors can be mtroduced into E coli by standard transformation 
procedures (see Chapter 1) and propagated as plasmids 

To clone in cosmids, segments of foreign DNA approximately 35-45 kb in 
length are isolated and ligated to Imearized vector DNA in vitro under 
conditions that favor the formation of the type of structure shown in Figure 
3.1. Here, the segment of foreign DNA is flanked by cosmid molecules and 
the two cos sites are arranged in the same orientation. Contained between 
these sites is an entire complement of plasmid genes and the segment of 
foreign DNA. When concatemers of this t 3 q)e are used as substrates in an in 
vitro packaging reaction, the cos sites are cleaved by the ter function of the 
bacteriophage A gene A protein and the DNA between the two cosmids is 
packaged mto mature bacteriophage A particles. During infection of E. coh 
by such bacteriophage particles, the linear recombinant DNA is injected into 
the cell, where it circularizes (via the cohesive ends of the cos sites) Because 
the resulting circular molecule contains a complete copy of the cosmid vector, 
it replicates as a plasmid and confers drug resistance upon its bacteriEil host. 
Bacteria carrying recombinant cosmids can therefore be selected using media 
containing the appropriate antibiotic. 

The packagmg process can also be used to transduce a recombinant cosmid 
from one bacterial host to another Either a bacterial culture carrying a 
recombinant plasmid is infected with a replication-competent strain of bac¬ 
teriophage A or the growth of a resident prophage is induced During the 
subsequent round of bacteriophage growth, the cos sites of the recombinant 
cosmids serve as substrates for packagmg components and the cosmid DNAs 
become packaged into bacteriophage particles These transducing particles 
are released from the cell and can be stored indefinitely or used immediately 
to infect another bacterial strain Genomic DNA libraries constructed in 
cosmids can therefore be preserved as stocks of bacteriophage A particles 

The cloning capacity of cosmids is a function of (1) the size of the DNA that 
can be packaged into the head of a A bacteriophage and (2) the size of the 
vector itself. Because bacteriophage A heads will accommodate as much as 52 
kb of DNA (Williams and Blattner 1980) and most of the commonly used 
cosmid vectors are approximately 5 kb in size (see below), recombinant 
cosmids that contain up to 47 kb of foreign DNA can be constructed and 
propagated At the other extreme, because the smallest piece of DNA that 
can be packaged into bacteriophage A particles is approximately 38 kb 
(Williams and Blattner 1980), the minimum size of DNA that can be cloned 
into a conventional cosmid vector (5 kb) is approximately 33 kb. However, a 
family of modified cosmid vectors (termed “charomids”) has been described 
(Saito and Stark 1986) (see page 3.26) Charomid vectors carry spacer 
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sequences consisting of head-to-tail repeats of a 2-kb fragment derived from 
pBR322. Different members of this family carry spacers with different 
numbers of repeating units. Each family member will therefore accommo¬ 
date an insert whose size falls within the specific limits required to bring the 
recombinant molecule within the optimal range for packaging into bac¬ 
teriophage A particles In this way, charomid vectors can be used to clone 
fragments of DNA rangmg in size from 2 kb to 45 kb When these vectors 
are propagated in recA~ bacteria (e.g., E coli strain ED8767), they undergo 
very little rearrangement, and it is therefore possible to prepare a charomid 
vector whose capacity is suitable for the task at hand Once an appropriate 
charomid has been selected, it is used for cloning in exactly the same way as 
a conventional cosmid. 

Finally, in addition to their capacity to propagate large pieces of foreign 
DNA, cosmids have another potentially useful property—the ability to recom¬ 
bine with plasmids that carry homologous sequences Once established in a 
bacterium, a cosmid can recombine with such a plasmid to form a cointegrant 
(Poustka et al. 1984; Lmdenmaier et al 1985) If the plasmid and cosmid 
carry independently selectable drug resistance markers and also compatible 
origins of replication, cointegrants containing both markers can be easily 
selected following transduction to another bacterium. So far, this method has 
been used only to a limited extent (Poustka et al 1984, Lmdenmaier et al 
1985), and there are potential problems that have not been fully explored 
For example, the recombination event, by necessity, is earned out m a recA* 
strain of bacteria, thereby creating the opportunity for unwanted rearrange¬ 
ments to occur within the segments of DNA cloned in the cosmid and plasmid 
vectors However, if such rearrangements can be held within manageable 
limits, this method may speed up the rate of chromosome walking or, in 
certain specific cases, may allow the rapid isolation of a single genetic locus 
from many different individuals. 
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Cosmid Vectors 


In addition to the basic features discussed above that are common to all 
cosmid vectors, a variety of additional modifications have been made either to 
alleviate problems of the kind listed on pages 3.64—3 55 or to confer special 
advantages on individual vectors These modifications include" 

• The incorporation of two cos sites into a single cosmid vector (Bates and 
Swift 1983; Poustka et al 1984) As discussed later, the presence of these 
two sites greatly simplifies directional cloning in cosmid vectors (see Figure 
3.3) 

• The construction of cosmid vectors that lack homology with commonly used 
plasmid vectors (Poustka et al 1984, Lindenmaier et al 1985). These 
vectors are therefore unlikely to recombine with one another when they are 
earned within the same recombination-competent cell However, if both 
vectors contain homologous foreign DNA sequences, they recombine in 
recombination-competent cells to form cointegrants that can be rescued by 
transformation. This method can be used as a genetic screen to isolate 
sequences of interest from cosmid libraries 

• The presence of promoters for bacteriophage-encoded DNA-dependent RNA 
polymerases that enable RNA probes specific to either end of the cloned 
insert to be generated in vitro (Cross and Little 1986; Gibson et al 1987a,b; 
Wahletal 1987) 

• The incorporation of selectable markers to simplify the identification of 
eukaryotic cells that have been transfected with recombinant cosmids (see, 
e g , Bates and Swift 1983, Brady et al 1984; Kioussis et al 1987) 

• The incorporation of eukaryotic ongins of replication that allow transfected 
cosmids to replicate autonomously m mammalian cells (Kioussis et al. 
1987) 

• The addition of a range of prokaryotic markers to facilitate rescue in 
bacteria of cosmid sequences transfected into mammalian cells (Lund et al 
1982, Brady et al 1984) 

• The use of bacteriophage origins of replication rather than plasmid origins 
of replication (Little and Cross 1985, Cross and Little 1986) There is some 
evidence that bacteriophage origins may alleviate the problems of differen¬ 
tial growth displayed by recombinant cosmids carrying ColEl ongins. 

No single cosmid vector contains all of these improvements, and it is 
therefore necessary to choose the particular vector that is most suitable for 
the at hand In the following pages, cosmid vectors in common use are 
described m detail. 
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COSMm VECTOBS FOR PROPAGATION OF EUKARYOTIC RNA 

INBACTEMUA 

pJB8 

pJB8 (Ish-Horowicz and Burke 1981) contains an ampicillin resistance 
{amp^) gene, a ColEl origin of replication, a single cos site (derived from 
Charon 4A), and four restriction sites (JSamHI, EcoRI, Clal, and ifmdIII) 
that can be used for cloning. The vector is approximately 5.4 kb in lengfth 
and should therefore accept segments of foreign DNA whose lengths he 
between 33 kb and 46 5 kb. Concatenation of the vector during ligation to 
foreign DNA can be suppressed either by treating the linearized vector with 
phosphatase (see page 3.28) or by using a modified form of directional cloning 
(see Figure 3 2) However, because this scheme mvolves a large number of 
steps, pJB8 is no longer the vector of choice for directional cloning in cosmids. 
Instead, we recommend vectors that carry two cos sites (e.g, c2RB, see page 
3.13) Concatemers of pJB8 DNA and foreign DNA are packaged m vitro into 
bacteriophage A particles that are used to infect recA~ strains of E coli 
The two JScoRI sites flanking the single BamHl site of pJB8 are particular¬ 
ly useful when "walking” from one recombinant cosmid to another After a 
recombinant cosmid is isolated from a library, specific subclones representing 
the extreme ends of the cloned region can easily be derived by digestion of the 
cosmid DNA with a restriction enzyme that cleaves several times within the 
foreign ■ DNA while leaving the vector intact. Following digestion, the 
remains of the recombinant cosmid are recircularized, generatmg a small 
plasmid that contains both ends of the original segment of foreign DNA This 
plasmid can be reintroduced into bacterial cells by conventional transforma¬ 
tion procedures Digestion of the plasmid DNA Avith FcoRI and the second 
restriction enzyme yields two small DNA fragments that can be used as 
probes to rescreen the original cosmid library for overlapping clones This 
approach eliminates the need to map restriction sites or to subclone every 
part of the segment of foreign DNA in order to identify useful terminal 
fragments. 
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Ligate to 35-45 kb fragments of eukaryotic DNA 
obtained by partial digestion with Mbo\ (or Sau3A\) 








Package in vitro into bacteriophage X particles 
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IB 


c2RB (Bates and Swift 1983) is 6.8 kb in length. It contains two cos sites, 
derived from the cosmid vector MUA-3 (Meyerowitz et al. 1980); ampiciUin 
resistance and kanamycm resistance (fean’’) genes and a ColEl origin, all 
derived from pKC7 (Rao and Rogers 1979); and four restriction sites (BamHI, 
EcoRI, Clal, and ifindlll) that can be used for cloning Concatenation of the 
vector during ligation to foreign DNA can be suppressed either by treating 
the linearized vector with phosphatase (see page 3 28) or by usmg a modified 
form of directional cloning (see Figure 3 2) Because a 1.7-kb fragment 
containing a cos site is lost during packaging (see Figure 3.3), the vector 
should accept segments of foreign DNA whose lengths lie between 33 kb and 
46.5 kb Furthermore, smce the 1 7-kb fragment also carries a kanamycm 
resistance gene, none of the recombinant cosmids should confer resistance to 
the antibiotic upon the recipient cells Because kanamycin-resistant colomes 
c an anse only if concatenation of the vector occurs during ligation, the 
conditions of the ligation reaction should be adjusted to minimize the number 
of such colonies. Libraries are constructed in c2RB as shown in Figure 3.3 
The vector is prepared by sequential digestion with Smal and a second 
restriction enzyme, for example, BamUl. This creates two fragments, each 
carrying a cos site and each bearing a cohesive terminus and a blunt end 
The digested vector DNA is then ligated to phosphatase-treated segments of 
foreign DNA of the appropriate length that carry termini compatible with the 
cohesive termini created by Bamill The presence of high concentrations of 
ATP (5 him) in the ligation reaction inhibits ligation of blunt-ended DNA 
without affectmg ligation of cohesive termini (Ferretti and Sgaramella 1981). 
The concatenated DNA is then packaged in vitro into bacteriophage A 
particles that are used to infect a recA strain of IS coli. 

As discussed above for pJB8, the two EcoBl sites flanking the single 
BamBl of c2RB are particularly useful when “walking” from one recombmant 
cosmid to another 
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immrmunniutft: 





CO 


ea^i 


Cosmid Vectors 3«15 



3.16 Cosmid Vectors 





pcoslEMBL 


pcoslEMBL (Poustka et al. 1984) contains a single cos site, derived from 
pHC79 (Hohn and Collins 1980); a tetracycline resistance (tef) gene, derived 
from pBR322; and a kEinamycin resistance gene and an origin of replication, 
both derived from R6K (a plasmid that has no homology with plasmids 
carrying a ColEl origm) (Kolter and Helinski 1978). This cosmid vector is 
used chiefly to screen libraries of recombinsmt cosmids by recombination in 
VIVO (see Poustka et al. 1984). Libraries constructed m pcoslEMBL and 
established m a recA~ host are packaged in vivo into bacteriophage A 
particles. These particles are used to infect a recA^ host that contains the 
target sequence cloned m a plasmid vector that carries an amp" marker and 
that has no homology with pcoslEMBL. After recombmation has occurred, 
cointegrants are packaged into bacteriophage A particles and transferred to 
recA~ recipients, which are selected for growth in the presence of both 
ampicillin and kanamycin. The essential features of this system are the lack 
of homology between the R6K-derived sequences and ColEl and the com¬ 
patibility of the R6K origin with the ColEl origin. Recombinational screen¬ 
ing with pcoslEMBL can therefore be carried out with any plasmid that 
contains a ColEl origin and does not contain any portion of the tetracyclme 
resistance gene of pBR322. Alternatively, it is possible to use a com¬ 
plementary recombinational screening system in which a cosmid vector built 
from a ColEl-derived plasmid is used (Most of the commonly used cosmid 
vectors belong to this class.) In this case, the screening plasmid carrymg the 
target sequences is derived from a nonhomologous but compatible plasmid 
(see Lindenmaier et al 1985) Instead of constructing recombmant cosmid 
libraries in a vector like pcoslEMBL, it is therefore possible to carry out 
recombmational screening of existing libraries constructed m cosmid vectors 
built from ColEl-based plasmids. 
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COSMm VECTORS FOR TRANSFECTION OF MAMMAJJAN CELLS 

Several cosmid vectors have been developed to shuttle genes into and out of 
maTmnalifln cells and to isolate eukaryotic genes by functional selection 
These vectors differ from one another chiefly in the prokaryotic and 
eukaryotic selectable markers they carry and in the restriction sites that can 
be used for cloning. Vectors of this class have been used as follows. 

• To introduce characterized recombinant cosmids containing particular 
genes of interest into eukaryotic cells For example, Grosveld et al (1982) 
obtained expression of )3-globin in L cells that had been transfected with a 
recombinant cosmid containing the human j8-globin gene Other examples 
include the expression of a-globin in COS and L cells transfected with 
cosmids cariymg the human a-globm gene cluster (Lau and Kan 1983) and 
the expression of tumor necrosis factor (TNF) in human fibrosarcoma cells 
transfected with autonomously replicating cosmids carrying the human 
locus coding for TNF (Kioussis et al 1987) In such expenments, the t 5 rpe 
of selectable marker and the presence of autonomous mammalian replicons 
within the cosmid vector determine the species and types of cells that can 
be used for transfection (See Chapter 16 for a detailed discussion of 
selectable markers for mammalian cells ) 

• To facilitate selection of cells that have taken up DNA from a population 
transfected with a cosmid library By applying the appropriate selection, 
cells that fail to incorporate cosmid DNA can be eliminated, leaving a 
manageable number of clones that subsequently can be screened by another 
procedure This approach was used by Lau and Kan (1984) to isolate a 
43 8-kb DNA fragment that contains the human thymidine kinase {tk) 
gene A library of human genomic DNA was prepared in a cosmid vector 
(pCVl08, see page 3 19) that carries a neomycin resistance (neo'^) gene 
DNA from the total library was used to transfect mouse L cells deficient in 
thymidine kinase, and cells that were able to survive in HAT medium 
(hypoxanthine/ammopterin/thymidine, see Chapter 16) were selected 
These cells were then checked for resistance to neomycin, and the cosmid 
clone was isolated by packaging genomic DNA in vitro (Lindenmaier et al 
1982, Lund et al 1982, Lau and Kan 1984) Other schemes for identifying 
transformants that contain the desired recombinant cosmids might include 
screening for surface markers (Kavathas and Herzenberg 1983) or the 
acquisition of a visible phenotypic property such as transformation (Shih et 
al 1979) 

Some cosmids that carry selectable markers for eukaryotic cells are de¬ 
scribed on the following pages. 


3*18 Cosmid Vectors 



pHC79-2co8/^fc 


pHC79-2cos/^^ (Lmdenmaier et al. 1982) is amp’’ tef tk* and contains a 
ColEl origin of replication and two copies of cos oriented in tandem. This 
arrangement of cos sequences increases the efficiency with which cosmid 
DNA can be packaged m vivo into transducing particles. The only useful 
cloning site in pHC79-2cos/i^ is the unique Cldi site, which can be ligated to 
foreign DNA that has been partially digested with Taq\. 

pCV103, pCVl07, pCVlOS 

These are derivatives of pJB8 (ximp\ ColEl origin) that carry selectable 
markers for eukaryotic cells on segments of DNA inserted at the Ball site of 
pJB8 (Lau and Kan 1983) pCVlOS contains the E. coli hypoxanthine- 
guanine phosphoribosyl transferase ihgprt) gene and the SV40 origin of 
replication, both derived from SV2-gpt (Mulligan and Berg 1980). pCV107 
contains the mouse dihydrofolate reductase {.dhfr) gene and the SV40 origin 
of replication, both derived from SV2-d/i/r (Subramani et al. 1981) pCVlOS 
contains the neomycin resistance gene and the SV40 origin of replication, 
both derived from SV2-reeo (Southern and Berg 1982) 


pTM, pMCS, pNNL 

pTM (Grosveld et al 1982) is a derivative of pJB8 (amp\ ColEl origin) that 
carries a neomycin resistance gene, derived from plasmid AG60 (Colbere- 
Garapin et al. 1981), inserted at the BamKl site of pJB8 pMCS is identical 
to pTM except that it carries a copy of the SV40 origin of replication. pNNL 
is similar in structure to pTM, except that it carries the E coli h 3 q)oxanthine- 
guamne phosphoribosyl transferase gene instead of the neomycm resistance 
gene 


pHSG274 

pHSG274 (Brady et al 1984) contains a kemamycin resistance gene that 
functions m both prokaryotes and eukaryotes and a ColEl origin of replica¬ 
tion Like pJB8, the cos cloning site in pHSG274 is flanked by restriction 
sites (Sail and J?coRI) that allow directional cloning of foreign DNA 


COS202, cos203 

cos202 and cos203 (Kioussis et al. 1987) are approximately 10 kb in length 
They contain the Epstein-Barr virus origin of replication and the gene coding 
for the antigen EBNA-1 (Yates et al. 1985), which allow them to replicate 
autonomously in cultured human cells, the prokaryotic hygromycin B resis¬ 
tance (hph) gene (Gritz and Davies 1983) inserted between a eukaryotic 
promoter and polyadenylation signal (Sugden et al 1985); an ampicillin 
resistance gene and a ColEl ongin of replication, and a single cos site. 

cos203 differs from cos202 in that it contains several restriction sites 
(Hindlll, Sail, Xbal, and BamHl) that can be used for cloning segments of 
eukaryotic DNA between 28 kb and 42 kb in length 
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pWE15, pWE16 


pWE15 and pWE16 (Wahl et al. 1987) were designed to simplify the process 
of “walking” from one cosmid clone to another. They are derivatives of 
cosmids pCVl07 and pCVlOS (Lau and Kan 1983) and contain bacteriophage 
T3 and T7 promoters on either side of recognition sites for the rarely cutting 
restriction enzyme Notl Fragments of foreign DNA are cloned into a JBamHI 
site lying between the two bactenophage promoters pWE15 carries the 
neomycin resistance gene of Tn5 in a form (SV2-nco) that can be expressed in 
mammalian cells, the selectable marker in pWE16 is the mouse dihydrofolate 
reductase gene. Both cosmids carry the SV40 origin of replication and 
sequences that enhance the expression of cloned genes 

The bacteriophage T3 and T7 promoters form the basis of a simple method 
to prepare probes from the ends of large segments of DNA cloned in pWElS 
and pWE16 These probes may then be used to identify overlapping clones in 
the cosmid library This “walking” process is diagrammed in Figure 3.4. The 
original cosmid is digested with a restriction enzyme, such as Haelll or Rsal, 
that cleaves foreign DNA frequently but does not cleave within the bac¬ 
teriophage T3 and T7 promoters Among the digestion products will be two 
fragments, each consisting of a small segment of foreign DNA positioned 
downstream from a bacteriophage promoter The entire population of DNA 
fragments is used as a template for either of the bacteriophage DNA- 
dependent RNA polymerases in the presence of radiolabeled rNTPs (see 
Chapter 10) Only those foreign sequences that are linked to the bac¬ 
teriophage promoter will be transcribed into radiolabeled RNA Because the 
first nucleotide added by either polymerase is only four nucleotides from the 
site at which the foreign DNA is inserted, the RNA consists almost entirely of 
sequences that are derived from the termini of the original cloned segment of 
foreign DNA It can therefore be used as a probe to rescreen the cosmid 
library for overlappmg clones In theory, problems can arise if the termini of 
the cloned segment contain sequences that are repeated many times in the 
original genome However, this problem is minimized if restriction enzymes 
are used that cleave the foreign DNA into pieces that are much smaller than 
the average distance between repeats. 

The Notl recognition sites flanking the cloning site permit the excision of 
most inserts of foreign DNA as a single restriction fragment Notl recogmzes 
an 8-bp sequence that consists only of G C base pairs and contains two CpG 
dinucleotides This sequence occurs very infrequently in mammalian DNA 
(about once in every 1500 kb) In almost all cases, therefore, the cloned 
segment of DNA will be excised as a single fragment. This can be advanta¬ 
geous for a number of reasons, for example, to simplify the construction of 
restriction maps or to facilitate removal of vector sequences prior to injection 
into fertilized mouse eggs to create lines of transgenic mice carrying the 
sequences of interest. 
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Note* Other vectors belonging to this senes (e g, pWE2, pWE4, pWE8, and pWElO, see 
Wahl et al 1987) contain polyclonmg sites rather than a single BamBl site RNAs 
transcnbed from these vectors contain at their 5' termini a minimum of 30 nucleotides 
copied from the sequences of the polyclonmg sites that flank the inserted segments of 
foreign DNA Although such vectors allow greater flexibility in cloning, the transcnbed 
leader sequences can cause sigmficant background hybridization when radiolabeled RNA 
is used to rescreen a cosmid library 
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T3 promoter 



T7 promoter 


Digest with a restriction enzyme that cuts eukaryotic DNA 
but does not cleave within the promoter (eg , Haelll or Rsa\) 



□ □ □ 

□ □ □ □ 

□ 



Transcribe in vitro into radiolabeled RNA using either 
bacteriophage T3 or bacteriophage T7 DNA-dependent 
RNA polymerase 


T3 promoter 


cE 


■yXAAAA 


Only the eukaryotic DNA sequences 
adjacent to the promoter will be 
transcribed 

Use the radiolabeled RNA to probe 
the cosmid library for overlapping 
clones 


FIGURE 3.4 

Chromosome walking The figure shows in diagrammatic form the steps involved in 
chromosome walking using RNA probes generated by in vitro transcription of 
recombinant cosmids carrying promoters for bactenophage-encoded DNA-dependent 
RNA polymerases 
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Polycloning Site 
EcoRI Kpn\ 


Sam HI Apa\ 


Pst\ 


Hm6\\\ 


Sac\ Sma\ Xba\ Sal\ Sph\ 

The EcoRI site in the polycloning site is adjacent to the AatW site 
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CHAROMID 9 VECTORS 


Charomid vectors (Saito and Stark 1986) were designed to extend the clonmg 
range of cosmids to include DNA fragments that are shorter than 33 kb. 
They are a family of vectors built from a small (~5.3 kb) cosmid that 
contains the cos region from Charon 4A; an ampicillin resistance gene and a 
ColEl origin of replication, both denved from pTBE (Grosveld et al. 1982); a 
polycloning site containmg recognition sites for mne restriction enzymes 
(Aatll in the pBR322-denved sequence, followed by EcoRI, Sad, Kpnl, Smal, 
BamHI, Xbal, Apal, and HmdIII in the polycloning site); and a spacer region 
consisting of 1-23 tandemly repeated copies of a 2-kb fragment denved from 
pBR322 and including the tetracycline resistance gene Variation in the 
length of the spacer region determines the size of foreign DNA that can be 
inserted into the vector and packaged into bactenophage A particles Because 
the spacer consists of head-to-tail repeats, individual charomid vectors carry¬ 
ing spacers of different sizes must be propagated in recA" bacteria. Transfer 
to recA'^ cells destabilizes the spacer and leads to the generation of charomids 
whose sizes range from 5.3 kb (no spacer) to 52 kb (23 tandem repeats, 
arranged in 2-kb mtervals) 

There are a number of potential uses for charomid vectors, including 
construction of genomic libraries of mammalian DNA that has been digested 
with any of a variety of restriction enzymes, singly or in combination, and 
cloning of specific fragments of genomic DNA that have been previously 
identified by Southern hybridization The ability of different members of the 
charomid family to accommodate a wide size range of fragments that have 
been generated by a large number of restriction enzymes provides great 
latitude in cloning strategy. 

In addition to their usefulness in the cloning and mapping of fragments of 
genomic DNA, charomid vectors may turn out to be useful for other purposes 
(e g, the introduction of multiple copies of a gene into mammalian cells by 
transfection) However, until charomids become more widely adopted, their 
utility for these more specialized tasks and their ability to propagate genomic 
DNA fragments m a stable fashion will not be known. 


Charomid vectors contain a Sail site in each unit of the tandemly repeated sequence and 
a Sail site in the polycloning site that is distal to the clomiig site D^estion of a 
recombinant charomid with Sail, foUowed by recirculanzation, therefore yields a replica¬ 
tion-competent plasmid (with an ampicillin resistance gene) containing the entire seg¬ 
ment of foreign DNA but lacking the spacer region This strategy of reducing the size of 
recombinant clones can greatly simplify tasks such as the construction 
of the foreign DNA However, it can only be earned out if the foreign DNA lacks a Sail 
site Fortunately, the hexanucleotide sequence recognized by Soil contains a CpG 
dinucleotide, and the enzyme therefore cleaves mammalian DNA relatively mfrequently 
(about once m every 100 kb) 

Charomid vectors contain a unique Pvul site in the ampicillin resistance gene and a 
umque Mlul restnction site within the region denved from Charon 4A that contains the 
cos site Both the Pvul and Mul recognition sequences contain two CpG dinudeotides, 
and the two enzymes therefore cleave mammalian DNA extremely infrequently (about 
once m every 300 kb and 500 kb, respectively) The locations of these sites wthin^e 
charomid allow restnction maps of foreign DNA to be generated rapidly by partial 
digestion. For example, digestion of a recombmant charomid by Mini yields a Imear 
macule that can be radiolabeled at both ends. The foreign DNA lies close to one end of 
the molecule and the other end is occupied by the tandemly arranged spacer A crude 
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restriction map of the foreign DNA can therefore be constructed by measuring the sizes of 
the radioactive bands obtained after partial digestion of the linearized charomid with 
enzymes that do not cleave within the spacer (Smith and Birnstiel 1976) All 
radiolabeled fragments smaller than the spacer must be derived from the end of the 
charomid that carries the foreign DNA (Saito and Stark 1986) In a vanation of this 
mapping strategy, the bacteriophage A ter function was used to linearize the recombinant 
charomid, and the partial digestion products could be detected by their ability to form 
hybrids, using a radiolabeled oligonucleotide complementary to the cohesive termini as a 
probe (Rackwitz et al 1984, 1985). 
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ConstnuitU^n of Genomic JDNA Libraries 
in Cosmid Vectors 


Many of the procedures used to construct genomic DNA libraries in bac¬ 
teriophage A vectors also apply to cloning in cosmid vectors. In both systems, 
large segments of eukaryotic DNA, generated by quasi-random fragmenta¬ 
tion, are ligated to vector DNA to form concatemers that can be packaged into 
bacteriophage A particles. As discussed previously, libraries constructed in 
bacteriophage A vectors are stored and propagated m the form of such 
recombinant bacteriophage particles In cosmid cloning, however, these 
particles merely serve as vehicles by which the recombmant DNA molecules 
are efficiently introduced into bacteria, where they are propagated as large 
plasmids If each bacterium in the population carries a different recombmant 
cosmid, about 350,000 transformants must be generated to achieve a 99% 
probability that a particular single-copy sequence of eukaryotic DNA will be 
represented in the library (see equation m Chapter 9, page 9 3). The cosmid 
library can then be either maintained as a population of bacteria (as a pool or 
as individual colonies on filters) or rescued by transduction and maintained 
as a stock of transducing bacteriophage particles. 

The current method of choice for constructing libraries of eukaryotic 
genomic DNA in cosmid vectors is to clone DNA fragments of an appropriate 
size (usually 35-45 kb) that are obtained by partial digestion of high- 
molecular-weight DNA with a restriction enzyme (or enzymes) that recog- 
mzes a 4-bp sequence and generates a cohesive terminus compatible with 
that of the vector The best enzymes for this purpose are Mbol and SauSAl, 
although Taql or EcoRI* activity can also be used. In the examples given 
below, genomic DNA partially digested with Mbol or Sau3AI is cloned into 
the BamHl site of the cosmid pJB8. Three methods are described to suppress 
self-ligation and packaging of the vector DNA In the first protocol 
(Meyerowitz et al 1980; Grosveld et al 1981), the linearized vector DNA is 
simply treated with phosphatase; in the second protocol (Ish-Horowicz and 
Burke 1981), which is more efficient but involves more enzymatic steps, a 
modified form of directional cloning is used Finally, a modification of the 
second procedure is described that permits the construction of large cosmid 
libraries when limited amounts of genomic DNA are available 
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CLONING IN PHOSPHATASE-TBEATEB COSMID VECTORS 

The basic steps of this procedure are shown in Figure 3.5 


Preparation of Vector ONA 

1. Digest 20 /ig of closed circular pJB8 DNA, prepared according to the 
methods given in Chapter 1, with a two- to threefold excess of BamKl for 
1 hour Remove an aliquot (0 3 ixg) and analyze the extent of digestion by 
electrophoresis through a 0.8% agarose gel, using as a marker 0 3 ;ag of 
undigested pJB8 DNA If digestion is incomplete, add more restriction 
enzyme and continue the incubation 

2. When digestion is complete, extract the sample with phenol chloroform 
and precipitate the DNA with 2 volumes of ethanol for 15 minutes at 0°C 
Recover the DNA by centrifugation at 12,00Qg for 10 minutes at 4°C in a 
microfuge, and redissolve it in 180 yul of 10 mM Tns Cl (pH 8 3) Remove 
a 4-fx\ aliquot (~0 5 fig) and store at -20°C 

3. To the remainder of the sample, add 20 fii of 10 x CIP dephosphorylation 
buffer and 0 25 unit of calf intestinal alkaline phosphatase (CIP) Incu¬ 
bate the reaction for 30 minutes at 37°C 

10 X CIP dephosphorylation buffer 

10 mM ZnClg 
10 mM MgClj 
100 HIM Tns Cl (pH 8.3) 


4. Add EDTA (pH 8 0) and SDS to final concentrations of 5 mM and 0.5%, 
respectively Add proteinase K to a final concentration of 50 /ig/ml 
Incubate the reaction for 30 minutes at 56°C 

Proteinase K is used to digest the CIP, which must be completely removed if the 
subsequent ligation reactions are to work efficiently An alternative method to 
inactivate the CIP is to heat the reaction (at the end of step 3) to 65°C for 1 hour (or 
75°C for 10 minutes) in the presence of 5 mM EDTA and then to extract once with 
phenol chloroform 

5. Cool the reaction to room temperature, and extract once with phenol and 
once with phenol.chloroform Add 01 volume of 3 m sodium acetate (pH 
7.0). Mix well, and add 2 volumes of ethanol. Mix well, and store at 0°C 
for 15 minutes Recover the DNA by centrifugation at 12,000g for 10 
minutes at 4°C in a microfuge Wash the pellet with 70% ethanol at 4°C 
and recentrifuge 

6. Redissolve the DNA in 20 fil of TE (pH 7 6) and carry out a test ligation as 
described below to determine the effectiveness of the phosphatase 
treatment. 
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7. If the results of the test hgation are satisfactory, dispense the de- 
phosphorylated DNA into B-fxg aliquots and store at —20°C. 

Notes 

I . The pH of the 3 m sodium acetate solution is 7 0 rather than the usual 5.2. 
At acid pH, EDTA precipitates from solution if its concentration exceeds 
5—10 niM 

II . Until recently, CIP was supplied as a suspension in a slurry of ammonium 
sulfate. However, it may now be obtained as a stabilized solution (in 30 
mM triethanolamine buffer [pH 7 6], 3 him NaCl, 1 niM MgClg, 0 1 mM 
ZnCl 2 ) It should be stored undiluted in this buffer (not frozen). 

TEST LIGATION 

1. Set up the following three reaction mixtures 

a 0.5 /ig of phosphatase-treated Bam HI-pJB8 DNA 
b. 0.5 ixg of phosphatase-treated BamHI-pJB8 DNA plus 0 5 ju,g of bac¬ 
teriophage A DNA cleaved to completion with BamHI. 
c 0 5 fig of BamHI-pJB8 DNA not treated with phosphatase (i.e , the 
aliquot set aside in step 2, page 3.28) 

2. To each mixture add; 

10 X ligation buffer 1 ii\ 

10 mM ATP 1 )u,l 

HgO to 10 III 

10 X Ligation buffer 

0.5 MTris Cl (pH 7.6) 

100 DOM MgClj 

500 iig/iai bovine serum albumin (Fraction V; Sigma) (optional) 

3. Remove a 2-ii\ aliquot from each mixture and store at 4°C. Add 0 5 Weiss 
unit of bactenophage T4 DNA ligase to the remainder of each mixture and 
incubate for 4-8 hours at IG^C. (For definition of Weiss unit, see page 
3 33 ) Remove another 2-iil aliquot from each reaction, and assay all six 
aliquots by electrophoresis through a 0 7% agarose gel. Store the re¬ 
mainders of the reactions at -20“C 

The phosphatase-treated sample (a) should show no evidence of ligation, 
whereas most of the Imear vector DNA in the untreated sample (c) should 
have been converted into multimers. Because dephosphorylated, single- 
stranded protruding termini of DNA can be ligated to complementary 
cohesive termini that carry a 5' phosphate, at least some of the phospha¬ 
tase-treated cosimd DNA should have become ligated to the fragments of 
bacteriophage A DNA that had been cleaved with BamHI (b). 
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Package in vitro into bacteriophage X particles 







Infect E coll and select for amp^ transformants 




Cosmid Vectors 3«31 



Parttai Digestion ofEnkuryoHc DNA ufUh Mbol or SauSAI 

Prepare the eukaryotic DNA for cloning by partial digestion with M6oI or 
Sau3AI, using the procedures described in detail in Chapter 9 Because large 
fragments of DNA are required for cloning in most cosmid vectors, the 
eukaryotic DNA must be at least 200 kb in size before digestion Follo wing 
partial restriction endonuclease digestion, select DNA in the size range 
appropriate for the vector (usually 35-45 kb) by sedimentation through a 
sucrose density gradient as described in Chapter 2, page 2 85 Intact 
bacteriophage A DNAs of various sizes or multimers of pBR322 should be 
used as markers 
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Ligation and IPacJkaging 

The total concentration of DNA in the ligation reaction should be greater 
than 200 (xg/vcA. to favor the formation of mixed concatemers between the 
arms of the cosmid vector and the eukaryotic DNA. Because of the inability 
of the vector to self-ligate, the reaction can be driven with a molar excess of 
vector molecules. The followmg ligation reactions contain a 9:1 molar ratio 
of vector DNA:eukaryotic DNA. 

1. Mix. 


phosphatase-treated vector DNA 3 p,g 

fragments of eukaryotic DNA (35-45 kb in size) 3 n.g 

10 X ligation buffer (see page 3 29 for recipe) 2 /il 

10 HIM ATP 2 p.1 

HgO to 20 fil 


Remove an aliquot (1 ^tl) and store at 4°C. Add 1—2 Weiss units of 
bacteriophage T4 DNA ligase to the remainder of the reaction amd 
incubate overnight at 16°C 

At least three different assays are used to measure the activity of bacteriophage T4 
DNA ligase Most manufacturers (apart from New England Biolabs) now calibrate the 
enzyme in Weiss imits (Weiss et al 1968) One Weiss unit is the amount of enzyme 
that catalyzes the exchange of 1 nmole of from p 5 T:ophosphate mto [y./S-^^PJATP m 
20 minutes at 37°C One Weiss imit corresponds to 0 2 unit determined m the 
exonuclease resistance assay (Modnch and Lehman 1970) and to 60 cohesive-end 
units (as defined by New England Biolabs) 0 015 Weiss unit of bacteriophage T4 DNA 
ligase therefore will ligate 50% of the ffindlll fragments of bacteriophage A (5 pg) in 
30 minutes at 16°C Throughout this manual, bacteriophage T4 DNA ligase is given 
in Weiss umts 

2. At the end of the hgation reaction, remove another 1-/jl\ aliquot and 
analyze it by conventional electrophoresis through a 0 4% agarose gel or 
by pulsed-field gel electrophoresis (see Chapter 6) together with the 
aliquot set aside in step 1 If the ligation has been successful, some of the 
eukaryotic DNA should have been converted to high-molecular-weight 
concatemers Most of the vector DNA should remain unligated 

3. Package the ligated DNA mto bacteriophage A particles, as described in 
Chapter 2, page 2 95, using no more than 0.5 /tg of concatenated DNA per 
packaging reaction. As controls, package the samples set aside in step 3 of 
the test ligation, page 3.29 

The size of the inserts that can be cloned m cosmids is affected by the method used to 
prepare packaging extracts (Bates and Swift 1983) Extracts used to package cosmids 
should be prepared usmg a buffer that contains spermidine but not putrescme When 
putrescine is oimtted from the packaging extract and the packagmg reaction, the 
system exhibits selectivity in the size of DNA molecules that are packaged Thus, 
DNA that IS 80% of wild-type bacteriophage A DNA m length is packaged 200-fold less 
efficiently than wild-type bacteriophage A DNA itself In the absence of putrescme, 
cosmids that contain large inserts will be preferentially packaged For unknown 
reasons, possibly because of a shortage of ter function, some preparations of packaging 
extracts that work well with bacteriophage A DNA are not smtable for packaging 
cosmids (F Bass, pers comm) It is therefore advisable to test each batch of extracts 
with the products of a standardized ligation reaction between cosmid DNA and 
size-selected eukaryotic DNA 
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4 . After pa ckagin g is complete, add 0.5-1.0 ml of SM to each reaction Store 
the reactions at 4°C Mix a 10-)u.l aliquot of each reaction with 0 1 ml of 
SM and 0.2 ml of a fresh overnight culture of a recA~ strain of E coli (e g, 
ED8767 or DHl) grown in Terrific Broth (TB) in the presence of 10 thm 
MgClg and 0.2% maltose 

ED8767 and DHl are less “leaky recA" strains than HBlOl and may therefore more 
effectively suppress recombination between repetitive sequences of cloned eukaryotic 
DNA 

Allow the bacteriophage particles to adsorb by incubating the infected 
cultures for 20 minutes at 37'’C Then add 1 ml of TB and continue the 
incubation for a further 45 minutes at 37‘’C to allow expression of the 
ampicilhn resistance gene. 

The ability of the plating bacteria to be infected efficiently with bacteriophage A 
should be verified before they are used to establish the cosmid library This is best 
done by measunng the titer of a known bacteriophage stock on the plating bacteria 

5 . Spread 0.5 ml and 0.1 ml of the bacterial culture onto TB agar plates 
containing ampicilhn (50 /ug/ml) After incubating the plates overnight at 
37°C, count the number of bacterial colonies Each microgram of ligated 
cosmid-eukaryotic DNA should yield between 5 x 10“^ and 5 x 10^ bacteri¬ 
al colonies. 

6. Pick a number of individual colonies and grow small-scale (5-ml) overnight 
cultures m TB containing 50 /ug/ml ampicilhn Isolate the cosmid DNA 
from 4-5 ml of each bactenal culture, using the alkaline lysis method (see 
Chapter 1, page 1.25) Digest the plasmid DNA with restriction enzyme(s) 
and analyze the sizes of the resulting fragments by gel electrophoresis 
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CLONING IN COSMID VECTOBS DIGESTED WITH TWO BESTRICTION 
ENZVMES AND TREATED WITH PHOSPHATASE 

Ish-Horowicz and Burke (1981) have described a modified procedure for the 
preparation of cosmid vectors such as pJB8 that carry a smgle cos site This 
procedure substantially reduces the possibility of obtaining recombinant 
clones containing multiple copies of the vector. The principle of the method is 
shown in Figure 3.2. In two separate aliquots, the cosmid vector is digested 
with restriction enzymes (Hindlll and Sail) that cleave on either side of the 
cos site. The single-stranded protruding termini of the resulting molecules 
are rendered incapable of ligation by any one of several enzjnnatic treatments 
(alkaline phosphatase is the one most commonly used, but nuclease SI and 
mung bean nuclease also work) It is this treatment that suppresses the 
formation of tandem vectors during ligation and reduces the number of 
bacterial colonies that contain cosmids but no inserts The linear DNA 
molecules are then digested with BamHI, and the fragments containing the 
cos sequence are isolated by gel electrophoresis. These fragments are ligated 
to fragments of eukaryotic DNA generated by partial cleavage with Mbol or 
Sau3Al to form simple concatemers that serve as substrates m the packaging 
reaction. The destruction of the single-stranded protruding termini created 
by the first enz 3 rme prevents the formation of more complex concatemers 
In their original procedure, Ish-Horowicz and Burke did not select DNA 
fragments of a given size to insert into the cosmid vector Instead, high- 
molecular-weight eukaryotic DNA was digested with Mbol until the average 
size of the digestion products was 35-45 kb The DNA was then de- 
phosphorylated by treatment with alkaline phosphatase to prevent the join¬ 
ing together of smaller fragments of DNA into molecules large enough to be 
packaged into bacteriophage A particles In most circumstances, we recom¬ 
mend including a sizing step and omitting the alkaline phosphatase treat¬ 
ment These changes improve the efficiency of ligation and reduce the 
potential for production of cosmids carrying sequences of DNA that are 
noncontiguous in the original eukaryotic genome If the amount of eukaryotic 
DNA IS too small to allow fractionation by size, use the procedure originally 
described by Ish-Horowicz and Burke (1981) (see page 3.36) 

The major disadvantages of the Ish-Horowicz and Burke procedure are the 
large number of enzymatic steps and the necessity to purify the arms of the 
cosmid vector by gel electrophoresis To avoid these problems. Bates and 
Swift (1983) and Poustka et al (1984) have constructed vectors (e g, c2RB) 
that greatly simplify the preparation of cosmid vector arms Their approach 
IS outlined m Figure 3 3 and is described in detail on pages 3 42-3 43 
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Preparation of Vector DNA 

1 . Digest an aliquot (20 fig) of closed circular pJB8 DNA, prepared according 
to the methods given in Chapter 1, with a two- to threefold excess of 
HmdIII for 1 hour. At the same time, digest a second aliquot (20 fig) with 
Sail. Remove an aliquot (0 3 fig) from each reaction, and analyze the 
extent of digestion by electrophoresis through a 0.8% agarose gel, using as 
a marker 0.3 fig of undigested pJB8 DNA If digestion is incomplete, add 
more restriction enzyme and continue the incubation 

2. When the digestions are complete, extract the samples with phenol chlo¬ 
roform and precipitate the DNAs with 2 volumes of ethanol for 5 minutes 
at 0°C. Redissolve each sample of DNA m 180 fi\ of 10 mM Tris Cl (pH 
8.3). Remove a 4-/al aliquot (~0.5 fig) from each sample and store at 
-20'’C 

3. To the remainders of the samples, add 20 /xl of 10 x CIP dephosphoryla- 
tion buffer and 0 25 unit of calf intestinal alkaline phosphatase (CIP) 
Incubate the reactions for 30 minutes at 37°C 

10 X CIP dephosphorylation buffer 

10 HIM ZnCla 
10 mM MgClg 
100 mM Tris ■ Cl (pH 8 3) 

4. Add EDTA (pH 8 0) and SDS to final concentrations of 5 mM and 0 5%, 
respectively Add proteinase K to a final concentration of 50 /ug/ml 
Incubate the reactions for 30 minutes at 56°C 

Proteinase K is used to digest the CIP, which must be completely removed if the 
subsequent ligation reactions are to work efficiently An alternative method is to heat 
the reaction (at the end of step 3) to 65°C for 1 hour (or 75°C for 10 minutes) and then 
to extract once with phenol chloroform 

5. Cool the reaction to room temperature, and extract once with phenol and 
once with phenol chloroform Add 0.1 volume of 3 m sodium acetate (pH 
7 0). Mix well, and add 2 volumes of ethanol Mix well, and store at 0°C 
for 15 minutes Recover the DNA by centrifugation at 12,00Qg for 10 
minutes at 4°C in a microfuge. Wash the pellet with 70% ethanol at d^C 
and recentrifuge. 

Depending on the cosmid vector and the restnction enzymes used, other methods may 
be required to inactivate the cohesive termini of the vector For example, because 
dephosphorylation of recessed 5'-phosphoryl termini is relatively inefficient, protrud¬ 
ing 3' termim should be removed by digestion with nuclease SI or mung bean 
nuclease 

6. Redissolve each of the two samples of DNA in separate 50-ju.l aliquots of 
TE (pH 7.6). To test the effectiveness of the phosphatase treatment, set 
up a series of test ligations as described in step 1 on page 3.29. (Note that 
the bacteriophage A DNA fragments in step 1, reaction b, should be 
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generated by digestion with Hiradill or Sail ) While carrying out the test 
ligations, store the remainders of the DNA saimples at -20°C. 

7. If the results of the test ligations are satisfactory (i e., if no Ugation of the 
vector IS detected), thaw the DNA samples and add to each. 

10 X jBomHI restriction enzyme buffer 10 p.1 

H 2 O 40 

BamKl 2-3-fold excess 

Incubate the reactions for 1 hour at 37°C Assay the extent of digestion 
by analyzing an aliquot of each reaction by electrophoresis through a 0.8% 
agarose gel. 

8. When digestion is complete, separate the DNA fragments in the re¬ 
mainders of the samples by electrophoresis through a 0 8% agarose gel. 
Isolate the larger of the two BamBl/Hindlll DNA fragments and the 
smaller of the two BamlSl/Sall DNA fragments by electrophoresis onto 
DEAE-cellulose membranes as descnbed in Chapter 6, pages 6 24-6.27 

9. Redissolve the recovered DNA fragments in 20 fil of TE (pH 8 0) Esti¬ 
mate the amount of DNA in the samples by ethidium broimde fluores¬ 
cence. 


Notes 

1 The pH of the 3 m sodium acetate solution is 7 0 rather than the usual 5 2 
At acid pH, EDTA precipitates from solution if its concentration exceeds 
5-10 mM 

11 . Until recently, CIP was supplied as a suspension m a slurry of ammonium 
sulfate However, it may now be obtained as a stabilized solution (in 30 
mM triethanolamine buffer [pH 7 6], 3 him NaCl, 1 mw MgClj, 0 1 niM 
ZnClg) It should be stored undiluted in this buffer (not frozen). 
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Treatment of Eukaryotic DNA mith Atkuline Phosphatase 

If the supply of eukaryotic DNA is plentiful, prepare it for cloning by partial 
digestion and fractionation according to size as described m Chapter 9 
However, if the amount of DNA is limited, do not attempt to fractionate the 
DNA by density gradient centrifugation, since it is possible that insufficient 
DNA will be recovered Under these circumstances, the best course of action 
IS to digest the DNA to the point where its average size is approximately 
35-45 kb and then to treat it with alkaline phosphatase This inhibits the 
joining together of smaller fragments of DNA to form molecules of a size that 
could be packaged into bacteriophage A particles (Ish-Horowicz and Burke 
1981). If dephosphorylation is omitted or is carried out inefficiently, there is 
a strong risk that smaller fragments of eukaryotic DNA in the preparation 
will ligate to one another and to a cosmid vector, producing recombinants 
that contain sequences derived from two or more noncontiguous segments of 
the genome. This risk is only partially reduced by the constraints imposed by 
the in vitro packaging reaction A population of DNA fragments with an 
average size of 42 kb will contain many molecules that are shorter than the 
mean. Although these shorter molecules may compose only a fraction of the 
total weight of the DNA, they make a more substantial contribution to the 
number of molecules in the population Since the kinetics of ligation are 
determined by the concentration of reactive termini of DNA, these smaller 
molecules become preferentially incorporated into concatemers. This can be 
prevented only by dephosphorylation 

1. Using the procedures described in detail in Chapter 9, fragment 30 fig of 
eukaryotic DNA to a modal size of 45 kb by partial digestion with Mbol or 
SauZAl Instead of fractionating the DNA by density gradient centrifuga¬ 
tion, remove the 5'-phosphate residues by treatment with alkaline phos¬ 
phatase as described below 


2. Heat the sample to 70‘’C for 15 minutes to inactivate the restriction 
enzyme, and then add ZnClj to a final concentration of 1 mM and 2 units of 
calf intestinal alkaline phosphatase (CIP) Remove an aliquot (1 fig) of 
the reaction to a small (0 5-ml) microfuge tube containing 0 3 ^tg of a 
linearized plasmid (e g, pUC cleaved with BamHI) Set up a control that 
contains 0.3 fig of the same linearized plasmid m 10 filoflx restriction 
enzyme buffer Incubate all three samples for 30 minutes at 37°C 


3. To the large reaction, add SDS and EDTA (pH 8 0) to final concentrations 
of 0 5% and 5 mw, respectively Add proteinase K to a final concentration 
of 50 p.g/ml Incubate the reaction for 30 minutes at 56°C 


Proteinase K is used to digest the CIP, which must be completely removed if the 
f to efficiently An alternative method to 

7S? hi* reaction (at the end of step 2) to 65°C for 1 hour (or 

75 C for 10 mmutes) and then to extract once with phenol chloroform 


Cool the reaction to room temperature, and carefully extract once with 
phenol and once with phenohchloroform. Add 0.1 volume of 3 m sodium 
acetate (pH 7.0) and precipitate the DNA with 2 volumes of ethanol for 15 
minutes at 0°C. Recover the DNA by centrifugation at 12,000g for 10 
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minutes at 4'’C. Wash the pellet with 70% ethanol at 4°C and recentrifuge. 
Allow the DNA to redissolve overnight at 4°C in 50 /mI of TE (pH 7.6). 

4. Meanwhile, heat the smaller (control) reactions to 75°C for 10 mmutes (to 
inactivate the CIP) Cool the reactions to room temperature, and extract 
once with phenol and once with phenohchloroform. Add 0.1 volume of 
3 M sodium acetate (pH 7 0) and precipitate the DNAs with 2 volumes of 
ethanol for 15 mmutes at 0°C Recover the DNAs by centrifugation at 
12,000g for 10 minutes at 4°C Wash the pellets with 70% ethanol at 4°C 
and recentrifuge. Redissolve the DNAs m 10 yxl of TE (pH 7.6). 

5. Ligate the eukaryotic DNA (either dephosphorylated or size-selected) to 
the arms of the cosmid vector as described below 

Notes 

I The pH of the 3 m sodium acetate solution is 7.0 rather than the usued 5.2. 
At acid pH, EDTA precipitates from solution if its concentration exceeds 
5-10 niM 

II Until recently, CIP was supplied as a suspension in a slurry of ammonium 
sulfate However, it may now be obtained as a stabilized solution (in 30 
niM triethanolamine buffer [pH 7 6], 3 mM NaCl, 1 mM MgClg, 0 1 imi 
ZnCla). It should be stored undiluted in this buffer (not frozen) 
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Ligation and Packaging 

The total concentration of DNA in the ligation reaction should be greater 
than 200 /u-g/ml to favor the formation of mixed concatemers between the 
arms of the cosmid vector and the eukaryotic DNA (see discussion in Chapter 
1, pages 1.9-1.11). Because of the inability of the vector to self-hgate, the 
reaction can be dnven with a molar excess of vector molecules The following 
ligation reactions contain a 9:1 molar ratio of vector DNA.eukaryotic DNA 

1. Set up two reaction mixtures as follows. 

Reaction a 

fragments of eukaryotic DNA (35-46 kb in size) 2 /ig 


Hindlll/BomHI fragment of pJB8 1 jxg 

Sall/BamHI fragment of pJB8 1 /Ag 

10 X ligation buffer (see page 3 29 for recipe) 2 yu,! 
10 HIM ATP 2 111 

HjO to 20 111 

Reaction b 

Hindlll/BamEl fragment of pJB8 1 iig 

SaWBamHl fragment of pJB8 1 yxg 

10 X ligation buffer 2 /xl 

10 mM ATP 2 jLtl 

HgO to 20 ju.1 


Remove an aliquot (2 /a 1) from each mixture and store at 4°C. Add 1-2 
Weiss units of bactenophage T4 DNA ligase to each mixture (For 
definition of Weiss unit, see page 3 33 ) Incubate the reactions overnight 
at 16°C 

2. At the end of the ligation reactions, remove another 2 -/a 1 aliquot from each 
reaction and analyze them by pulsed-field gel electrophoresis or by elec¬ 
trophoresis through a 0.4% agarose gel together with the aliquots reserved 
in step 1. If the hgation has been successful, the eukaryotic DNA should 
have been converted to high-molecular-weight concatemers The arms of 
cosmid DNA should have been converted to homo- and heterodimers 

It IS important to see hgation of both vector DNA and eukaryotic DNA If no ligation 
of either species is seen, the presence of inhibitors in the preparation of eukaryotic 
DNA should be suspected In this case, extract the DNA again with phenol, 
chloroform and precipitate with ethanol If the arms of the vector can be ligated but 
the eukaryotic DNA cannot, it is likely that only a minority of the ends of the 
eukaryotic DNA cany the correct cohesive terminus 

3. Carry out control experiments to check that the efficiency of the packaging 
mixtures exceeds 10® pfu//xg of bacteriophage A DNA. Then package an 
aliquot of the ligated DNA into bacteriophage A particles as described in 
Chapter 2, page 2 95, using no more than 0.5 yxg of concatenated DNA in 
the packaging reaction. As controls, package the samples set aside m step 
3 of the test hgation, page 3.29. Store the unused portion of the ligation 
mixture at 4°C. 
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The size of the inserts that can be cloned in cosmids is affected by the method used to 
prepare packaging extracts (Bates and Swift 1983) Extracts used to package cosmids 
should be prepared using a buffer that contains spermidine but not putrescine When 
putrescine is omitted from the packaging extract and the packaging reaction, the 
system exhibits selectivity m the size of DNA molecules that are packaged Thus, 
DNA that IS 80% of wild-type bacteriophage A DNA in length is packaged 200-fold less 
efficiently than wild-type bacteriophage A DNA itself In the absence of putrescine, 
cosmids that contain large inserts will be preferentially packaged For unknown 
reasons, possibly because of a shortage of ter function, some preparations of packaging 
extracts that work well with bactenophage A DNA are not suitable for packaging 
cosmids (F Bass, pers comm) It is therefore advisable to test each batch of extracts 
with the products of a standardized ligation reaction between cosmid DNA and 
size-selected eukaryotic DNA 

4. After packaging is complete, add 1 ml of SM to the packaging reactions. 
Store the reactions at 4°C Mix 1-ju.l and lO-jul aliquots of the reactions 
with 0 1 ml of SM and 0.2 ml of a fresh overnight culture of a recA~ strain 
of E. coll (e g., ED8767 or DHl) grown in Terrific Broth (TB) m the 
presence of 10 mM MgClg and 0.2% maltose. 

ED8767 and DHl are less “leaky” recA" strains than HBlOl and may therefore more 
effectively suppress recombination between repetitive sequences of cloned eukaryotic 
DNA 

Allow the bactenophage particles to adsorb by incubating the infected 
cultures for 20 minutes at 37'’C Then add 1 ml of TB and continue the 
incubation for a further 45 minutes at 37°C to allow expression of the 
ampicillm resistance gene. 

The ability of the plating bacteria to be infected efficiently with bactenophage A 
should be venfied before they are used to establish the cosmid library This is best 
done by measuring the titer of a known bactenophage stock on the plating bactena 

5. Spread 0 5 ml and 01 ml of the bacterial culture onto TB agar 

plates containing ampicillm (50 /xg/ml) After incubating the plates 
overnight at 37°C, count the number of bacterial colonies Each micro¬ 
gram of ligated cosmid-eukaryotic DNA should yield between 5 x 10'* and 
5 X 10^ bacterial colonies Calculate the total yield of cosmids in the 

original ligation mixture If the number is satisfactory, package the 

remainder of the ligation mixture Use no more than 0 5 /ig of concate¬ 
nated DNA per packaging reaction Store the packaged cosmids in SM 
containing a few drops of chloroform until the library is amplified (see 
page 3 44) or screened (see Chapter 1). 

6. Meanwhile, pick a number of individual colonies and grow small-scale 
(5-ml) overmght cultures in TB containing 50 ix^IvcA ampicillin Isolate 
the cosmid DNA from 4-5 ml of each bacterial culture, using the alkaline 
lysis method (see Chapter 1, page 1 25). Digest the cosmid DNA with 
restriction enzyme(s) and analyze the sizes of the resulting fragments by 
gel electrophoresis. 
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FKEPARATION OF HECTORS COSTAIMNG TWO cos SITES 

Cosmid vectors that contain only one cos site (e g, pJB8 and its denvatives) 
are prepared by digestion with combinations of restriction enzymes and 
dephosphorylated by treatment with alkaline phosphatase Fragments of the 
vectors are then punfied by gel electrophoresis Because of the complexity of 
these manipulations, the final yield of cosmid arms is often disappointingly 
low. To avoid these problems, Bates and Swift (1983) have described a 
simplified procedure for the preparation of the arms of a modified cosmid 
vector that contains two cos sites (see Figure 3 3, pages 3 14-3 15) In this 
vector, the cos sites are separated by the recognition site for a restriction 
enzyme that generates blunt ends. The vector arms can thus be easily 
prepared by simple digestion with two restriction enzymes that cleave at the 
cloning site and at the site between the two cos sequences When the mixture 
of arms is ligated to dephosphorylated eukaryotic DNA in the presence of 
high concentrations of ATP (5 mM), rejoining of the blunt ends occurs very 
inefficiently (Ferretti and Sgaramella 1981) Under these conditions, the 
major products of the ligation reaction are simple concatemers consisting of a 
segment of eukaryotic DNA bounded at either end by a cosmid arm The cos 
sites are oriented in the same manner in approximately 50% of the concate¬ 
mers, which can therefore be packaged into bacteriophage A particles In the 
protocol given below, the cosmid vector c2RB (Bates and Swift 1983) (see 
pages 3 12-3.13) is used as an example However, the procedure can easily 
be adapted to other cosmid vectors that contain two cos sites (eg, 
pcos2EMBL, Poustka et al 1984), provided digestion is earned out with the 
appropriate restriction enzjmes 


1. Add 20 fxg of c2RB DNA to 20 ju,l of 10 x Smal restriction enzjme buffer 
(1 X Smal buffer should contain 20 mM KCl), and adjust the reaction 
volume to 200 jul with HgO Add 40 units of Smal, and incubate the 
reaction for 3 hours at room temperature 

2. Analyze 2 /tl (0 2 /u,g) of the reaction by electrophoresis through a 0 7% 
agarose gel to assess the extent of digestion by the restriction enzyme 
Use as markers (1) undigested c2RB DNA and (2) c2RB DNA digested 
with an excess of SamHI If the reaction is incomplete (as evidenced by 
the continued appearance of superhelical or nicked circular forms of the 
plasmid DNA), add additional Smal (20 units) and continue incubation for 
a further 2 hours at room temperature 

If desired, the linearized vector may be dephosphorylated by alkaline phosphatase 
before addition of the second restriction enzyme Add 2 aiI of 0 1 M ZnCla and 0 25 
unit of calf mtestinal alkaline phosphatase directly to the reaction, and incubate for a 
further 30 mmutes at 37“C Add SDS and EDTA (pH 8 0) to final concentrations of 
0 5% and 5 mM, respectively Add proteinase K to a final concentration of 50 /ig/ml 
Incubate the reaction for 30 minutes at 56°C Extract the solution once with 
phenol'chloroform and once with chloroform alone, and proceed as described in step 5, 
page 3 28. Redissolve the DNA in 180 of 10 mM Tns Cl (pH 7 6), and add 20 ju,! of 
the 10 X buffer appropriate for the second restriction enzyme 
Dephosphoiylation of the Smal site is a further safeguard to prevent the formation 
of concatemers of vector DNA dunng hgation In most cases, however, this treatment 
IS unnecessary 
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3. When digestion is complete, add NaCl to a final concentration of 150 mM 
and add 40 units of BamUl. After incubatmg the reaction for 3 hours at 
37°C, analyze an aliquot (5 jitl; 0.5 n-g) by electrophoresis through a 0.7% 
agarose gel. Only two bands (1.7 kb and 5.1 kb) should be visible; no 
linear plasmid DNA should remam. If digestion is incomplete, add 
additional Ba/nHI (20 units) and continue incubation for a further 2 hours 
at 37“C 

Eukaryotic DNA can also be cloned at the EcoRI, Hindlll, or Cldl sites of c2RB If 
an y of these sites are to be used, adjust the conditions of digestion with the second 
restriction enzyme accordingly 

4. When digestion is complete, extract the solution once with phenol 
chloroform and once with chloroform alone. Precipitate the DNA with 2 
volumes of ethanol at 0°C for 5 minutes Recover the DNA by centrifuga¬ 
tion at 12,000g for 15 minutes at 4°C m a microfuge and redissolve it in 40 
jLtl of 10 mM Tns Cl (pH 8 0). 

5. Set up the ligation and packaging reactions as described on page 3 40 
Note that the ligation reaction should contain ATP at a final concentration 
of 5 mM (Ferretti and Sgaramella 1981) 

If dephosphorylated vector is used, the concentration of ATP in the reaction can be 
reduced to the standard 0 5-1 mM 
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AmplifiewHon und Storage of Cosmid Libraries 


Cosmids packaged in bacteriophage A particles are stable for several weeks 
when stored in SM containing a few drops of chloroform If sufficient 
recombinant cosmids are obtained in the original packaging reactions, there 
may be no need to amplify the library prior to screening. Most investigators, 
however, are reluctant to commit their entire stock of recombinant cosmids to 
a single screening exercise In most cases, they prefer to amplify the library 
despite the risk of distortion caused by unequal growth of the cosmids 
There are three ways to amplify and store cosmid libraries 

1. Transduce the packaged cosmids into bacteria, grow the bactena on 
nitrocellulose filters on Terrific Broth (TB) agar plates (~5 x 10“^ colomes 
per 138-mm filter), and replicate the library onto additional filters for 
screening and storage at -TO'C (Hanahan and Meselson 1980) This 
method is tedious, requires the preparation and storage of a large number 
of filters (as many as 30 filters per library), and is sometimes plagued by 
loss of the colonies that do not regrow from the master filter However, it 
has the advantage of minimizing distortion of the library, at no stage are 
mixed populations of bacteria containing different recombinant cosmids 
growing in competition with one another. It is therefore unlikely that 
severe imbalances will arise as a consequence of differential growth of the 
host bacteria 

2 Transduce the packaged cosmids into bactena, plate the bactena onto 
selective plates, and scrape the resulting colonies from the plate into TB 
containing the appropriate antibiotic Grow the mixed population of 
bacteria for a few generations, and store the culture at -70°C, aliquots are 
thawed and plated as needed. This procedure is less time-consuming than 
the first and does not require storage and handling of a large number of 
filters. However, there is always the concern that some bacteria carrying 
recombinant cosmids may not grow as vigorously as others, resulting in 
over- or underrepresentation of certam sequences in the cosmid library 

3 Transduce the packaged cosmids into bacteria, plate the bactena onto 
selective plates, and scrape the resulting colonies into TB containing the 
appropriate antibiotic Grow the mixed population of bacteria for a 
limited number of generations, and then superinfect with a strain of 
bacteriophage A that is recombination-deficient {red ~) and mutant 
in a lysis function (usually Sam7) The cosmid resident in the superinfect- 
ed bacterium becomes packaged in vivo and appears m the 3 deld of 
bacteriophage particles, which ceui be stored without loss of viability for 
prolonged periods of time. This is the most complicated method of 
amplification, and it contains several steps (growth of bactena, supennfec- 
tion, and packaging) at which selection for or against individual recombi¬ 
nants might occur 

None of these protocols is ideal. Either they are labor-intensive or they 
may lead to differential representation caused by slow growth of the bacterial 
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host or poor packaging of the cosmid in vivo (see, e.g., Gibson et al. 1987b). In 
some cases, the method of amplification is dictated by how the library will 
ultimately be used. For example, screening a cosmid library by recombina¬ 
tion (Poustka et al, 1984; Lindenmaier et al. 1985) requires the generation of 
bacteriophage particles that can transduce the cosmids into recombination- 
competent bacteria In this case, method 3 is the best choice For routme 
screening of cosmid libraries by hybridization, we recommend method 1 as 
the safest choice. 
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Reptien Fillers 

In this method, bacterial colonies grown on nitrocellulose filters laid on agar 
plates containing the appropriate antibiotic are frozen in situ essentially as 
described by Hanahan and Meselson (1980) Approximately 5 x 10“* colonies 
can be accommodated on a 138-mm filter; approximately 30 filters are 
therefore required to obtain a representative library of overlapping fragments 
of a mflTnmfll i fln genome Replicas are then prepared from the set of master 
filters for screening and propagation of the library 


1. Prepare ahead of time 

a. TB agar plates containing the appropriate antibiotic. 

b. TB agar plates containing the appropriate antibiotic and 25% glycerol 
(freezing plates) 

c. Detergent-free nitrocellulose filters (Millipore HATF or equivalent) 
These are prepared as follows 

I Calculate the number of filters required' 

Diameter of plate” Diameter of filter No. colonies/filter 

90 mm 82 mm 1 5 x 10“' 

150 mm 138 mm 5 0 x 10“' 

“These are the sizes as specified by certain manufacturers The actual 
internal plate diameters are less (e g, a 90-mm plate has an effective 
diameter of 82 mm) 

II Number the dry filters with a soft-lead pencil or an ultrathm 
ballpoint pen Float each filter separately on the surface of a tray 
of water until it is thoroughly wet, and then submerge it for several 
minutes When all of the filters have been treated in this way, 
remove them from the water one by one and sandwich each filter 
between two dry Whatman 3MM papers Wrap the stack of filters 
in aluminum foil, and stenlize them by autoclaving (30 minutes at 
15 Ib/sq. in on liquid cycle) Store the stack of sterile filters at 
room temperature in a sealed plastic bag until required 

lii. Pick up a numbered, sterile filter with sterile forceps and lay it, 
numbered side down, on the surface of a day-old TB agar plate 
When the filter is thoroughly wet, peel it from the plate and replace 
it, numbered side up, on the same plate 

2. Dispense aliquots of the packaging mixture containing 10“* packaged 
cosmids into tubes containing 200 ju.1 of a fresh overnight culture of a 
recA strain ofE. coli (e g., ED8767 or DHl) grown in TB in the presence 
of 10 lUM MgClj and 0 2% maltose Incubate the cultures for 20 minutes at 
37“C. 

Large amounts of packaging mixture can inhibit attachment of the bacteriophage 
particles to the bacteria and can kill cosmid-contammg bacteria. Therefore, if the 
concentration of cosmids is low (<10* cosmids per milliliter of packaging mixture), 
carry out the infection with more cells m a larger volume (e.g, 10 ml of bactenal 
culture for every milliliter of packagmg reaction). After step 3, recover the bacteria by 


3*46 Cosmid Vectors 


centrifugation at 500Qg for 10 minutes at 4°C. Resuspend the bacteria in 100 of TB 
for every milliliter of original bacterial culture, and continue as descnbed m step 4 

ED8767 and DHl are less “leaky” recA" strains than HBlOl and may therefore more 
effectively suppress recombination between repetitive sequences of cloned eukaryotic 
DNA 

3. Add 0 5 ml of TB to each tube and continue incubating the cultures for a 
further 45 minutes at 37°C to allow expression of the ampicillin resistance 
gene. 

4. Apply 0 5 ml of the infected cell culture to the center of a numbered filter 
(138 mm) on the surface of a TB agar plate containing the appropriate 
antibiotic. Using a sterile glass spreader, disperse the fluid evenly over 
the surface of the filter. Leave a border 2-3 mm wide at the edge of the 
filter free of bacteria After spreading the inoculum, incubate the plate 
(nomnverted) with the lid ajar for a few minutes in a laminar flow hood to 
allow the inoculum to evaporate Then close the lid, invert the plate, and 
incubate at 37°C until small colonies (0 1-0 2 mm diameter) appear (about 
8-10 hours) 

Plates that are 2-3 days old will absorb the inoculum more efficiently than freshly 
made plates 

5. If desired, replica filters may be prepared at this stage (see step 7, page 
3.49) Otherwise, transfer the filters (colony side up) to TB agar plates 
containing the appropriate antibiotic and 25% glycerol Incubate the 
plates for 2 hours at 37°C 

6. Seal the plates well with Parafilm, seal in a plastic bag, and store in an 
inverted position at -70‘’C. Replicas can be made after thawing the 
master plates at room temperature (still in an inverted position) 
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replica-plating tool 



FIGVKE 3.6 

Use of a rephca-plating tool to replicate bacterial colonies growing on nitrocellulose filters 
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7. Make replica filters as follows* 

a Prepare in advance a stack of sterile Whatman 3MM papers (one for 
each filter plus a few spares) 

b Peel the master nitrocellulose filter off the storage plate and lay it, 
colony side up, on a dampened pad of sterile 3MM paper. 

c Number a damp, sterile nitrocellulose filter and lay it on the master 
nitrocellulose filter. Take care to prevent air bubbles from becoming 
trapped between the two filters This is best done by bending the 
second filter slightly so that contact is first made at the center of the 
filters Be careful not to move the filters relative to each other once 
contact has been made. Try to arrange the two filters so that they do 
not overlap exactly; this makes it easier to separate the two filters 

d Press the two filters firmly together with a velvet replica-plating tool 
(Figure 3.6) or with a heavy glass plate 

e Orient the two filters by making a senes of holes in the pair of filters 
with an 18-gauge needle 

f Peel apart the filters Lay the replica on a fresh TB agar plate 
containing the appropnate antibiotic, and incubate at 37°C until col¬ 
onies appear (4-6 hours) 

g Place the master nitrocellulose filter on a fresh TB agar plate contain¬ 
ing the appropnate antibiotic and 25% glycerol Incubate the plate for 
1 hour at 37°C, and then freeze it as descnbed in step 6, page 3.47 

Replica filters can be used to replicate again, stored at -70°C, or used for screening by 

in situ hybridization 

To avoid contamination, filters containing copies of valuable libranes are best handled 

in a laminar fiow hood 
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AmplifietMon of fktsmid Libraries in Liquid Cuiture 

Growing cosmid libraries in liquid culture is simpler and more convenient 
than serial replication of bacterial colonies on nitrocellulose filters However, 
because the bacteria are grown as a mixed population in liquid, there is a 
possibility that the composition of the library may change because of differ¬ 
ences in the growth rates of bacteria containing different cosmids In the 
following procedure, cosmid-containing bactena are grown initially on plates 
This allows accurate quantitation of the number of independent cosmid 
clones and also allows a crude estimate of the vanability in the rate of growth 
of the individual bacterial colonies. Care is taken to limit subsequent growth 
in liquid culture to minimize the possibility of significant shifts in the 
distribution of clones within the amplified population 

1 . Dispense aliquots of the packaging mixture containing lO"* packaged 
cosmids into tubes containing 100 /xl of a fresh overnight culture of a 
recA~ strain of E coli (e g., ED8767 or DHl) grown in Terrific Broth (TB) 
in the presence of 10 niM MgClg and 0 2% maltose. Incubate the cultures 
for 20 minutes at 37°C. 

Large amounts of packaging mixture can inhibit attachment of the bacteriophage 
particles to the bactena Therefore, if the concentration of packaged cosmids is low, 
carry out the infection with more cells in a larger volume After step 2, recover the 
bacteria by centnfugation at 500Qg for 10 minutes at 4°C Resuspend the bactena m 
100 fil of TB for every 10“ packaged cosmids, and continue as described in step 3 

ED8767 and DHl are less “leaky” recA~ strains than HBlOl and may therefore more 
effectively suppress recombination between repetitive sequences of cloned eukaryotic 
DNA 

2. Add 0.6 ml of TB to each infected culture containing 10“* packaged 
cosmids Continue incubation for a further 45 minutes at 37°C 

3. Apply 0 5 ml of the infected cell culture to the center of a TB agar plate 
(150 mm) containing the appropriate antibiotic Using a sterile glass 
spreader, disperse the fluid evenly over the surface of the agar Leave a 
border 2—3 mm wide at the edge of the agar free of bacteria Incubate the 
plate at 37®C until colonies (0 2—0 3 mm diameter) appear (about 12—14 
hours). 

4. Estimate the number of colonies, and then, using a glass spreading rod, 
scrape the colonies from each 150-mm plate into approximately 10 ml of 
TB. Rinse each plate with an additional 5 ml of TB to ensure complete 
recovery of the bactena. Pool the bactena! suspensions obtained from 
different plates. 

5. Vortex the pooled, scraped, cell suspension to break up clumps of bactena 
Add sterile glycerol to a final concentration of 15%, mix well by vortexing, 
and dispense aliquots of the bacterial suspension into 50-100 stenle vials. 

6. Store each aliquot at — 70°C. The following day, remove an aliquot, thaw 
it rapidly at 37 C, and then titrate the number of viable cells. The titer of 
the library should remam constant for at least 1 year. 
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7. To screen the library, thaw an aliquot rapidly at 37°C and plate the 
appropriate number of bactena on nitrocellulose filters or directly on TB 
agar plates contammg the appropnate antibiotic. 


CosMid Vectors 3»51 



Preparation of a Tremadueing lysate of Packaged Cosmids 

Because circular cosmid molecules carried in bacterial cells contain a cos site, 
they can be efficiently packaged into bacteriophage A particles. When 
cosmid-containing bacteria are infected with bacteriophage A (or when a 
resident prophage is induced), the cos site in the cosmids is cleaved by the 
bacteriophage A ter function. The linearized cosmid DNA is then packaged 
into the heads of newly formed bacteriophage A particles, which can be 
readily isolated and used to transduce the cosmid genome into other cells. 
The ability to rescue the cosmid DNA m the form of bacteriophage particles 
provides a convenient method to amplify cosmid libraries 
Exactly how cosmid DNA is packaged into bacteriophage A particles during 
the course of bactenophage infection is not known However, the require¬ 
ment for the bactenophage A gam gene product (the inhibitor of the host 
recBC nuclease) suggests that the cosmid may undergo rolling-circle replica¬ 
tion dunng the infection process (Feiss et al. 1982). Other factors that affect 
the efficiency of the packaging process in vivo include 

• The genetic markers carried by the superinfecting bactenophage To reduce 
the level of generalized recombination that may lead to the instability of 
inserts cloned within cosmids, red~ bacteriophages are used In addition, 
the superinfecting bacteriophage is usually defective in lysis (commonly 
Sam7) for supermfection of cosmid-contammg bactena An alternative proced- 
is prolonged, leading to the accumulation of large numbers of mature 
bacteriophage particles in the infected cell 

• The structure of the cosmid Lindenmaier et al. (1982) have shown that 
cosmid vectors with duplicated cos sites appear to be packaged with two to 
four times higher efficiency than those carrying a single cos site 

• The size of the cosmid DNA to be packaged Cosmid libraries contain clones 
that range in size from 35 kb to 45 kb From everything we know about 
packaging, it would be unreasonable to think that cosmids with different 
sizes will be packaged in vivo with equal efficiency Consequently, packag¬ 
ing of cosmids is likely to distort still further the representation of se¬ 
quences in the library 

The protocol given below describes the use of A3169 (imm434 cite b2redS 
Sami) for supennfection of cosmid-containing bactena. An alternative proce¬ 
dure IS to transduce the cosmids imtially packaged in vitro into a lysogenic 
strain of bacteria and then to induce the lysogen However, this approach is 
not commonly used because of the vanabihty in the yield of recombinant 
cosmids in such lysogens 


1. Dispense aliquots of the packaging mixture containing 10® packaged 
cosmids into tubes containing 1 ml of a fresh overnight culture of a recA~ 
strain of E coli (e.g., ED8767 or DHl) grown in Terrific Broth (TB) in the 
presence of 10 ium MgClj and 0.2% maltose. Incubate the cultures for 20 
minutes at 37'’C. 
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Large amounts of packaging mixture can inhibit attachment of the bacteriophage 
particles to the bacteria Therefore, if the concentration of packaged cosmids is low, 
carry out the infection with more cells in a larger volume After step 3, recover the 
bacteria by centrifugation at 5000g for 10 minutes at 4°C Resuspend the bacteria in 
1 ml of TB for every 10® packaged cosmids and continue as described in step 4. 

ED8767 and DHl are less “leaky” recA' strains than HBlOl and may therefore more 
effectively suppress recombination between repetitive sequences of cloned eukaryotic 
DNA 

2. Add 3 ml of TB to each infected culture containing 10® packaged cos¬ 
mids Continue incubation for a further 45 minutes at Z1°C 

3. Dilute the infected culture to an ODgoo = 0 05 with TB containing the 
appropriate antibiotic, and grow the culture at 37°C with strong agitation 
until the ODeoo = 0.3 

4. Add approximately 1 x 10^° pfu of A3169, and immediately raise the 
temperature of the culture to 42°C to prevent the formation of lysogens. 
This IS best achieved by shaking the culture in a water bath set at 42°C. 

5. After 30 minutes, transfer the culture to 37°C and continue incubation 
with vigorous agitation for 3 hours 

6. Harvest the cells by centrifugation at 5000g for 10 minutes at 4°C, and 
resuspend the cells in 1/20 volume of SM Add a few drops of chloroform, 
and shake the bacterial suspension for 10 minutes at room temperature 

7. Remove the bacterial debris by centrifugation at 500Qg for 15 minutes at 
4°C, and measure the titer of the transducmg bacteriophage in the 
supernatant by infecting susceptible bacteria and determining the number 
of colomes on TB agar plates containing the appropriate antibiotic. Titers 
of 10® to 10^® transducing particles per milliliter of original infected 
culture should be expected. 

8. Store the transducing particles m the same way a stock of bacteriophage A 
IS stored (see Chapter 2, page 2 68) 


Note 

The packaging of a single recombinant cosmid clone into transducmg parti¬ 
cles of bacteriophage A is a convenient method to prepare cosmid DNA. 
Normally, the cosmid DNA is contaminated by sequences of the helper 
bacteriophage, which are also packaged into particles However, if the 
components for in vivo packaging are provided by strains of bacteriophage A 
that carry defective cos sequences (Rosenberg et al. 1985), the cosimd DNA 
can be obtained in a form pure enough to allow the construction of restriction 
maps. The fact that the packaged cosmid DNA is linearized at the cos site is 
a significant help for this purpose (see Rackwitz et al 1984). 
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Prohiems Commonly Encountered 
When Using Cosmids 


With the design of better vectors, two of the chief difficulties encountered in 
the construction of cosmid libraries—self-ligation of vector molecules and the 
insertion of more than one piece of foreign DNA per vector—have now been 
solved. Even so, construction of genomic DNA libraries in cosmids is not a 
routine matter and remains a more difficult task than constructing libraries 
in bactenophage A vectors Often, several attempts are required to obtain a 
library that is both large and representative 
As in any complex project, the best advice is to check each reagent and 
construct ahead of time. Wherever possible, verify that a step in the protocol 
has worked before moving on to the next The problems that commonly arise 
are described below For some of them, the solutions are obvious, in other 
cases, however, difficulties cannot easily be resolved, since they stem from 
the biological properties of cosmids themselves as well as from those of the 
host bacteria. 

1 The most frequent cause of failure is the quality of the genomic DNA used 
to construct the library Unless the length of the starting DNA exceeds 
200 kb, only a small fraction of the 35-45-kb molecules obtained by partial 
digestion with a restriction enzyme will carry restriction sites at both 
ends Check the size of the starting DNA by electrophoresis through a 
0 3% agarose gel or by pulsed-field gel electrophoresis (see Chapter 6) Do 
not attempt to construct a library unless the average size of the DNA 
exceeds 200 kb 

2 Difficulties often arise in obtaining satisfactory partial digestion of high- 
molecular-weight eukaryotic DNA. Most commonly, this is caused by the 
presence of inhibitors in the DNA preparation When preparing high- 
molecular-weight DNA, take care to avoid material at the interface of the 
organic and aqueous phases If the problem persists, the DNA can be 
purified by equilibrium centrifugation in cesium chloride gradients (see 
Chapter 2) 

3 Libraries constructed in cosmid vectors frequently contain clones that 
carry no inserts of foreign DNA The proportion of these clones varies 
according to the vector used and the care taken in its preparation 
Typically, 5% of the clones in libraries constructed in cosmids carrying a 
single cos site are empty (i.e , they contain no inserts) This proportion is 
much lower when vectors carrying two cos sites are used (Bates and Swift 
1983), but it is considerably higher (20% or greater) in libraries con¬ 
structed in charomid vectors (Saito and Stark 1986) This abnormally 
high background, whose cause is unknown, is a nuisance for two reasons; 
It increases the totsd number of cosmid-containing colomes that must be 
screened, and it poses problems during amplification of libraries, since the 
empty clones are likely to have a competitive advantage. 
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4. The copy number of different recombinant cosmids can vary widely, 
causing large differences in 3aeld These differences become magnified 
every time a stock of transducing bacteriophage particles is prepared from 
a library The causes of this variability in yield are not totally understood 
but are likely to include interference with replication caused by (a) 
inverted repeat sequences that may block or retard the progress of the 
replication machinery and (b) transcription from sequences within the 
foreign DNA that fortuitously display promoter activity (Gibson et al 
1987b). 

5 Although the library may seem to be comprehensive, it may fail to yield 
the clone of interest Among the large number of factors that may account 
for this phenomenon are nonrandom distribution of restriction sites in the 
foreign DNA, restriction activity in the packaging extracts prepared from 
certain strains of E coli (see Rosenberg 1985), deletion of sequences by 
recombination, and selection against representation of the clone of interest 
during amplification of the library 
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The filamentous bacteriophages specific to Escherichia coli, which include 
M13 (Hofschneider 1963), fl (Loeb 1960; Zinder et al. 1963), and fd (Marvin 
and Hoffmann-Berling 1963), each contain a single-stranded closed circular 
molecule of DNA approximately 6400 nucleotides in length. When used as 
cloning vectors, these bacteriophages have the unique advantage of generat¬ 
ing large quantities of DNA molecules that carry the sequence of one strand 
of the foreign DNA. Such single-stranded DNAs are the templates of choice 
for: 

• DNA sequencing by the dideoxy chain-termination method 

• Generating DNA probes for hybridization that are radiolabeled m only one 
strand 

• Site-directed mutagenesis using synthetic oligonucleotides 



FIGURE 4.1 

The genome of wild-type bactenophage M13 is a single-stranded circular DNA 6407 
nucleotides in length that is numbered m a 3'^5' direction from the umque Hpal 
site (van Wezenbeek et al 1980) The figure shows the approximate locations of the 
genes (which are given Roman numerals), the positions of the major promoters (P>), 
and the terminators of transcription. By convention, the genome of the bac¬ 
tenophage IS called the (-I-) strand; it is synthesized m the direction gene II— > gene 
IV The coding (sense) strand of the viral genome is the (-) strand. 


4*2 Singk-stranded, Filamentous Bacteriophage Vectors 








The Biology of Filamentous Bacteriophages 


M13, fl, and fd are very closely related’ Their genomes are organized 
identically, their particles are similar in size and shape, and their DNAs are 
highly homologous The genomes of these bacteriophages have been com¬ 
pletely sequenced (fd. Beck et al 1978, M13, van Wezenbeek et al 1980; fl. 
Beck and Zink 1981) More than 98% of their nucleotide sequences are 
identical, the few differences are scattered around the genome, mostly in the 
third position of redundant codons (Beck and Zink 1981) M13, fd, and fl 

actively complement and recombine with one another (Lyons and Zinder 
1972) and may be regarded as identical for the purposes of the discussion 
that follows 

The genetic map of bacteriophage M13 is shown m Figure 4 1 Over 90% of 
the viral genome codes for protein products, and most of the ten genes are 
separated by only a few nucleotides The only extended intergemc regions he 
between genes VIII and III and between genes II and IV These regions 
contain the elements that regulate gene expression and viral DNA synthesis 
The restriction map of the DNA of wild-type bacteriophage M13 is presented 
in Figure 4 2 

The product of gene VIII is the major structural protein of the bac¬ 
teriophage particles, forming a tubular array of approximately 2700 mor¬ 
phological subunits surrounding the viral genome The resulting filamentous 
virus particles are only able to infect bacterial strains that express sex pili 
encoded by an F factor A few copies of a minor coat protein (the product of 
gene III), located at one end of the filamentous rod, are involved m the 
adsorption of the virus particle to the end of the bacterial pilus As the 
rod-shaped virus penetrates the pilus, its major coat protein is removed and 
the viral DNA, together with its attached gene III protein, is transferred to 
the body of the bacterium The infecting single-stranded DNA, designated 
the (+) strand, is then converted by cellular enz 3 mies into a double-stranded 
circular form, called replicative form (RF) DNA Transcription of viral genes 
begins at any one of a series of promoters and proceeds unidirectionally to 
one of two terminators, which are located immediately downstream from 
genes VIII and IV This organization of promoters and terminators leads to 
gradients of transcription in which genes located closest to a termination site 
(eg, gene VIII) are transcribed much more frequently than genes further 
upstream (e g , gene II) 

Amplification of the viral genome begins when the protein product of gene 
II introduces a nick at a specific site in the (+) strand of the parental RF 
DNA (Meyer et al 1979) E coh DNA polymerase I then adds nucleotides to 
the free 3'-hydroxyl terminus, progressively displacing the original (+) 
strand from the circular (-) strand template (Figure 4 3) After the replica¬ 
tion fork has completed a full circle, the displaced (+) strand is cleaved by the 
gene II product to generate a unit-length viral genome that is then circular¬ 
ized (Horiuchi 1980) During the first 15-20 minutes of infection, these 
progeny (-I-) strands are converted by cellular enzymes to closed circular RF 
DNA molecules, which serve as templates for further rounds of transcription 
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and synthesis of additional (+) strands. By the time that 100-200 copies of 
the RF DNA have accumulated in the infected cell, there is enough single- 
stranded DNA-bmding protein (the product of gene V) to (1) repress transla¬ 
tion of gene II mRNA (Model et al 1982; Yen and Webster 1982) and (2) bind 
to the newly synthesized (+) strands, preventing their further conversion to 
RF DNA (Mazur and Zinder 1975) The number of RF DNA molecules in the 
infected cell and the rate of production of progeny (+) strands are therefore 
both kept within moderate limits (Mazur and Model 1973, Lerner and Model 
1981). 

The morphogenesis of filamentous bacteriophage particles is extraordinary 
Unlike most other bacterial viruses, they do not assemble bacteriophage 
particles intracellularly. Instead, the gene V protein-DNA complexes move 
to the bacterial membrane, where the gene V product is stripped from the (+) 
strand and the viral genome becomes covered with capsid protein as it is 
extruded through the membrane of the infected cell (for reviews, see Marvin 
and Wachtel 1975, Webster and Cashman 1978) Because the viral genome is 
not inserted into a preformed structure, there is no strict limit to the size of 
the single-stranded DNA that can be packaged Rather, the length of the 
filamentous particle varies according to the amount of DNA it contains 
Particles longer than unit length and containing multiple copies of the viral 
genome are found in stocks of all filamentous viruses (Salivar et al 1967; 
Scott and Zinder 1967, Pratt et al 1969), and inserts of foreign DNA seven 

6405 Hpal, HincH 



FIGURE 4^ 

Restriction map of wild-type bacteriophage M13 (van Wezenbeek et al 1980) The 
figure shows the sites at which a number of restriction enzymes cleave the double- 
stranded rephcative form of wild-type bactenophage M13 DNA 
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Infecting single-stranded circular viral 
DNA IS converted to double-stranded 
RF DNA by host enzymes 


Several rounds of replication occur 
through e structures 



The (-) strand of the RF DNA is 
transcribed into viral mRNAs 


The viral gene II product introduces 
a nick at a specific site in the 
(+) strand of the RF DNA 



Progeny (+) strand is synthesized 
continuously by movement of the 
replication machinery around the 
(-)-strand template (rolling- 
circle replication) 



The completed progeny (-i-) strand 
IS cleaved by the viral gene II 
product and circularized 


Synthesis of progeny ( + ) 
strand continues 


progeny (-h) strand 


FIGURE 4.3 

Replication of bacteriophage M13 DNA in infected bacteria The first four stages 
occur during the first 16-20 minutes of infection and result in the accumulation of 
100-200 circular RF DNA molecules per cell. The subsequent production of single- 
stranded DNA IS a continuous process that leads to morphogenesis of progeny 
particles 



Single-stranded, Filamentous Bacteriophage Vectors 4.5 



times longer than the wild-type viral genome have been cloned and prop¬ 
agated in M13 (Messing 1981). 

The replication of the filamentous bactenophages occurs in harmony with 
that of the host bacterium, and the infected cells are therefore not lysed, but 
continue to grow (albeit at one half to three quarters of the normal rate) while 
producing several hundred virus particles per cell per generation (Marvin 
and Hohn 1969). This leads to the accumulation of vast numbers of particles 
in the medium; the titer of bacteriophage from a culture of infected bacteria 
frequently exceeds 10^^ pfu per milliliter 
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FHamewftoMts Bucteriophages as Vectors 


All genes of filamentous bactenophages are essential, and vectors must 
therefore carry a full complement of coding sequences However, there is an 
~ 500-nucleotide region, located between genes II and IV, into which seg¬ 
ments of foreign DNA may be inserted This noncoding region is not 
dispensable, since it contains a cis-acting signal for the packaging and 
orientation of the DNA within bacteriophage particles (Dotto et al 1981; 
Webster et sd 1981), sites for the initiation and termination of synthesis of 
(-1-)- and (-)-strand DNA (see Beck and Zink 1981), and a signal for 
p-mdependent termination of transcription (see Konings and Schoenmakers 
1978) Insertion of foreign DNA segments within this intergenic region can 
severely affect the replication of the bacteriophage genome (Dotto and Zinder 
1984a). Fortunately, filamentous bacteriophages carrying foreign DNA se¬ 
quences in the intergenic region accumulate mutations (m gene II or V) that 
partially compensate for the disruption of the cis-acting elements that control 
replication (Dotto and Zinder 1984b) All of the vectors in common use 
contain such mutations 

Because single-stranded DNA is a poor substrate for most restriction 
endonucleases and ligases, double-stranded segments of foreign DNA are 
inserted in vitro into the replicative form of the bacteriophage DNA This 
double-stranded closed circular DNA can easily be purified from infected 
cells, manipulated m the same way as plasmid DNA, and then reintroduced 
into cells by standard transformation procedures The double-stranded DNA 
then reenters the replication cycle, eventually generating progeny bac¬ 
teriophage particles that contain only one of the two strands of the foreign 
DNA The other strand of the DNA, the (-) strand, is never packaged 

BACTEaaOPMLAGE M13 VECTOBS 

The region between genes II and IV has been used as the site for inserting 
foreign DNA into the mp series of bacteriophage M13 vectors developed by 
Messing and his co-workers (for review, see Messing 1983). The smaller 
region between genes VIII and III has served as the cloning site for another 
series of vectors (Barnes 1979, 1980) that are less frequently used 

Vectors of the mp series are all derived from a recombinant Ml 3 bac¬ 
teriophage (M13mpl) that carries a short segment of E coli DNA in its major 
intergenic region (Messing et al 1977) The ^e^nce of this segment, which 
contains the regulatory sequences and the coding information for the first 146 
amino acids of the j3-galactosidase gene QacZ), has allowed the development 
of a simple color test to distinguish between vectors that carry a segment of 
foreign DNA and those that do not The F' plasmid of the host cell carries a 
defective j8-galactosidase gene that codes for an enzymatically inactive poly¬ 
peptide lacking amino acids 11-41 The amino-terminal fragment of the 
/3-galactosidase protein produced in cells infected with an unsubstituted 
vector associates with this defective polypeptide to form an enzymatically 
active protein. This type of complementation in which deletion mutants of 
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the operator-proximal segment of the lacZ gene are complemented by /3- 
galactosidase-negative mutants that have their operator-proximal regions 
intact IS called a -complementation (Ullmann et al 1967) Unsubstituted 
vectors plated on hosts canying the appropriate F' episome will therefore 
form blue plaques when the medium contains IPTG {isopropylthio-/3-D- 
galactoside, a gratuitous inducer of /3-galactosidase) and X-gal (5-bromo-4- 
chloro-3-indolyl- jS -D-galactoside, a chromogenic substrate) Insertion of foreign 
DNA into the lacZ region of MlSmpl usually eliminates a-complementation 
and gives rise to recombinants that form pale blue or colorless plaques 
(Gronenborn and Messing 1978) The development of this simple test to score 
for recombinants led to other improvements (e g , the insertion of poly cloning 
sites [see below]) that have made cloning in filamentous bacteriophages a 
routine event A number of cloning vectors have been described that carry 
other selectable markers (antibiotic resistance, hisD ') that may be destroyed 
by insertion of a foreign DNA sequence (see, e g, Barnes 1979, Herrmann et 
al. 1980; Zacher et al. 1980) Unfortunately, these systems require the 
establishment of colonies of infected cells that must be screened by replica 
plating—a much slower and more tedious process than visual examination of 
plaques. Consequently, virtually all of the filamentous bacteriophage vectors 
in routine use are direct descendants of MlSmpl 

The segment of lac DNA carried m the intergemc region of MlSmpl 
contains very few useful cloning sites However, during the late 1970s and 
early 1980s, Messing and his colleagues used both chemical mutagenesis 
(Gronenborn and Messing 1978; Messing et al 1981) and site-directed 
mutagenesis (Messing et al 1981, Messing and Vieira 1982, Norrander et al 
1983; Yanisch-Perron et al 1985) to build a useful series of densely packed 
restriction sites into the lax^Z sequences of Ml3mpl The presence of this 
polycloning site has little effect on the ability of the jB-galactoHidase peptide 
to carry out a-complementation However, insertions ol additional DNA into 
the site generally destroy «-complementation and create recombinant bac¬ 
teriophages that produce colorless plaques when grown in the presence of 
IPTG and X-gal 

The cloning regions of vectors of the mp senes that have been in common 
use during recent years are shown in Figure 4 5 Isee pages 4 10-4 11) These 
vectors differ in the number and variety of restriction sites that can accept 
DNA fragments Currently, virtually all cloning is carried out with 
M13mpl8 and M13mpl9, which contain cloning regions wich 13 different 
cleavage sites that can accept DNA fragments produced by digestion with 
many different restriction enzymes (Figure 4 4) The complete sequence of 
the DNA of M13mpl8 and Ml3mpl9 has been determined (Yanisch-Perron et 
al 1985) The two vectors differ only m the orientation of the nonsymmetri- 
cal polycloning region within the lacZ region After cleavage of the RF DNAs 
with two different restriction enzymes, M13mpl8 and M13mpl9 cannot 
recircularize easily unless a double-stranded foreign DNA fragment with 
compatible termini is present in the ligation mixture This fragment will be 
inserted in opposite orientations in the two vectors. Thus, one of the two 
strands of the fragment will be attached to the (-I-) strand of M13mpl8, and 
the complementary strand will be attached to the (-(-) strand of M13mpl9. 
Therefore, the progeny of the M13mpl8 recombinant will contain one strand 
of the foreign DNA, and the progeny of the Ml3mpl9 recombinant will 
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contain the complementary sequence Consequently, by using Ml3mpl8 and 
M13mpl9 as dual vectors, it is possible to use a single pnmer (“universal 
pnmer”) to determine the sequence of nucleotides on opposite strands from 
each end of the inserted DNA and to generate probes that are complementary 
to only one strand or the other of the foreign DNA 
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Thr Met He Thr Asn Ser Ser Ser Val Pro Gly Asp Pro Leu Glu Ser Thr Cys Arg His Ala Ser Leu Ala Leu Ala 

ATG ACC ATG ATT ACG AAT TCG AGC TCG GTA CCC GGG GAT CCT CTA GAG TCG ACC TGC AGG CAT GCA AGC TTQ GCA CTG GCC 
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In Ml3mpl8 the EcoRI site lies immediately downstream from P/ac 

In M13mp19. the H/ndlll site lies immediately downstream from P/ac 
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Restriction map of bacteriophage M13 vectors M13mpl8 and Ml3mpl9 (Messing 1983, Norrander 
et al 1983, Yamsch-Perron et al 1985) The figure shows the sites at which a number of 
restriction enzymes cleave the double-stranded replicative forms of M13mpl8 and M13mpl9 The 
vectors differ from one another only m the orientation of the polyclonmg site 
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The lacZ fragments used in the construction of the mp series of bac¬ 
teriophage M13 vectors have also been inserted into a deleted version of 
pBR322, creating a family of plasmid vectors (pUC vectors) that contain a 
variety of commonly used cloning sites These vectors, which are described in 
detail in Chapter 1, are especially useful because they can participate m 
a-complementation and carry the same constellation of restriction sites in the 
polyclomng site as the analogous vectors of the mp series (Figure 4 5) Thus, 
fragments of foreign DNA can be moved between M13 mp vectors and pUC 
vectors with great ease. 

BACTERIAL HOSTS TOR BACTERIOPHAGE HIS VECTORS 

Because M13 enters the host cell through sex pili encoded by an F factor, only 
male bacteria are used to propagate the virus ‘ Bacterial strains carrying F' 
episomes and a number of genetic markers useful m work with Ml 3 vectors 
have been constructed by Messing and his co-workers (Yanisch-Perron et al 
1985) The most important of these markers are 

• focZAMlS; A deletion mutant lacking the sequences of the lax:Z gene 
coding for the ammo-terminal portion of j8-galactosidase (Beckwith 1964) 
The peptide expressed by AM15 can take part in a-complementation 
(Ullmann and Perrin 1970) Many hosts for bacteriophage M13 vectors 
carry this deleted version of the lacZ gene on an F' episome 

• di{lac-proAB). A deletion of the chromosomal segment spanning the lac 
operon and neighboring genes coding for enzymes involved in proline 
biosynthesis Bacterial hosts carrying this marker are unable to use lactose 
as a carbon source and require proline for growth 

• lacP A mutant of the lad gene that synthesizes approximately tenfold 
more repressor than wild type (Muller-Hill et al 1968) This overproduc¬ 
tion of repressor suppresses still further the already low level of transcrip¬ 
tion of the lac operon in the absence of inducer Thus, synthesis of 
potentially toxic proteins is minimized when foreign coding sequences are 
placed under the control of the lacZ promoter in cells carrying lacP In 
most of the strains used in cloning with M13 vectors, Zac/'* is carried with 
ZacZAM15 (see above) on an F' episome 

• proAB, The region of the bacterial chromosome coding for enzymes in¬ 
volved in proline biosynthesis. The proAB genes are often carried on an 
F' episome, which can then complement proline prototrophy in a host with 
a (lac-proAB) deletion In this way, the maintenance of the F' episome in the 
host can be guaranteed 


'infections can be established in female cells if the bacteriophage DNA is introduced by transfection. 
However, the progeny particles produced by the transfected cells are unable to infect other cells in the 
culture, and liie )aelds of virus are consequently very low This is therefore not recommended as a 
standard method for propagating M13 vectors and their recombinants 
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traD36. A mutation that suppresses conjugal transfer of F factors (Acht- 
man et al 1971). This marker was required by the NIH gmdehnes that 
were extant several years ago The guidelines are no longer in force, but 
the marker lingers on m several of the bacterial strains dating from that 
era 

hsdRll and hsdRi: Mutations that lead to loss of restnction, but not 
modification, by the type I restriction/modification system of E coli strain 
K (for review, see Yuan 1981) Unmodified DNA cloned directly into M13 
vectors and propagated m bacterial strains canying this mutation will be 
modified and therefore protected against restriction if the vector is sub¬ 
sequently introduced into an hsd ^ strain of E coli K 

recAl The recA gene of E coli codes for a DNA-dependent ATPase, 352 
ammo acids in length, that is essential for genetic recombination in E coli 
(for review, see Raddmg 1982) Strains that carry the recAl mutation are 
defective in recombination and therefore have two advantages First, 
plasmids propagated in these strains remain as monomers and do not form 
multimeric circles (Bedbrook and Ausubel 1976) Second, segments of 
foreign DNA propagated in Ml3 vectors may experience fewer deletions in 
recA strains (Yanisch-Perron et al 1985) 

• supE An amber suppressor that inserts glutamine at UAG codons At one 
time, the NIH guidelines required bacteriophage Ml 3 vectors to carry an 
amber mutation This requirement has long since been dropped, and most 
vectors in common use today do not carry such mutations However, many 
of the strains of E coli that are used as hosts were developed when the 
guidelines were still in force These strains and many of their derivatives 
carry a suppressor that allows the growth of vectors carrying certain amber 
mutations 

Descriptions of strains of E coli commonly used in cloning in bacteriophage 

Ml3 vectors are given in Table 4 1 
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PROBJLE9IS COMMONLY mCOVNSERED WHEN CLONING 
IN FILAMENTOVS BACTEBIOPHAGE YECTOBS 

Two types of problems are commonly encountered when cloning in filamen¬ 
tous bactenophage vectors: 

1 Deletion of part of the foreign DNA segment DNA cloned into the 
intergemc region of filamentous bacteriophages tends to be unstable The 
larger the cloned segment, the greater the rate at which deletions occur 
This problem can be minimized (although never completely eliminated) by 
taking care never to propagate the bacteriophage by serial growth of 
infected cells m liquid culture Instead, stocks of recombinant bac¬ 
teriophages stored at -70°C should be plated on an appropriate host, and 
bacteria from the center of a single, well-isolated plaque should be used to 
establish a small-scale culture This culture should provide sufficient 
quantities of single-stranded DNA or double-stranded RF DNA for most 
purposes The culture should be grown for the shortest possible time 
(usually 4-8 hours, depending on the vector and the strain of E eoli) and 
should not be used as a stock to seed further cultures Recombinemt 
bacteriophages carrying larger segments of foreign DNA almost always 
grow more slowly than those carrying smaller inserts Deletion of part of 
the foreign DNA sequences therefore confers a selective advantage that is 
often strong enough to result in the elimination of bacteria synthesizing 
the original recombinant within a few serial passages. 

2 Insertion of the foreign DNA in only one orientation Quite frequently, a 
gven vector will carry a specific segment of foreign DNA far more readily 
in only one of the two possible orientations. This phenomenon occurs 
because sequences on opposite strands of the foreign DNA interfere to 
different extents with the functioning of the vector’s intergemc region 
This problem can sometimes be avoided by inserting the foreign DNA at a 
different site within the polycloning site or by using a combination of 
restriction enzjunes that will allow directional cloning (see Chapter 1, 
pages 1 53—1 56) We have found, however, that it is not advisable to force 
bacteriophage Ml3 vectors to propagate unwelcome sequences of foreign 
DNA Often, the resulting recombinants are unstable and give rise to 
progeny that carry deleted or rearranged versions of the foreign sequences 
Instead, we recommend propagating the foreign DNA in plasmid vectors 
that carry an origin of replication derived from a filamentous bac¬ 
tenophage (phagemids) 


4.16 Single-stranded, Filamentous Bactenophage Vectors 



PHAGEmDSs PLASMIDS COPOAINING AN ORIGIN OF REPIICAUON 
DERIVED FROM A FILAMENTOVS BACIERIOPHAGE 

Several vectors have been developed that combine desirable features of both 
plasmids and filamentous bacteriophages In their simplest form, these 
vectors are plasmids with a ColEl origin of replication and a selectable 
marker for antibiotic resistance that carry in addition a copy of the major 
intergemc region of a filamentous bacteriophage This region contains all of 
the sequences required in cis for initiation and termination of viral DNA 
synthesis (Dotto et al 1984) and for morphogenesis of bacteriophage particles 
(Dotto and Zinder 1983) Segments of foreign DNA cloned in these vectors 
can be propagated as plasmids m the conventional way When cells harbor¬ 
ing these plasmids are infected with a suitable filamentous bacteriophage, 
the mode of replication of the plasmid changes under the influence of the 
gene II product coded by the incoming virus. This gene II protein interacts 
with the intergemc region carried in the plasmid and initiates rolling-circle 
replication to generate copies of one strand of the plasmid DNA These 
single-stranded copies of the plasmid DNA will be nicked, circularized, and 
eventually become packaged into progeny bacteriophage particles (Dotto et 
al 1981, Dente et al 1983, Levinson et al 1984, Zagursky and Berman 1984, 
Geider et al 1985, Mead et al 1985) The single-stranded DNA purified from 
these particles can be used as a template to determine the nucleotide 
sequence of one strand of the foreign DNA segment, for oligonucleotide- 
directed mutagenesis, and for the synthesis of strand-specific probes A 
number of phagemids have been developed using mtergenic regions derived 
from various filamentous bacteriophages and inserted into different plasmids. 
These phagemids are described in Table 4 2 
Phagemids have several attractive features 

• They provide the stability and high yields of double-stranded DNA that are 
characteristic of conventional plasmids. 

• They circumvent the tedious and time-consuming process of subcloning 
DNA fragments from plasmids to filamentous bacteriophage vectors. 

• They are sufficiently small that segments of foreign DNA up to 10 kb in 
length can be obtained in single-stranded form 

However, many phagemids suffer from a major disadvantage—the sometimes 
poor and generally irreproducible yields of single-stranded DNA that are 
obtained after infection with helper bacteriophages Conventional bac¬ 
teriophage M13 vectors grow to titers of >10^^ pfu/ml of bacterial culture; 
each milliliter of culture yields 5-10 (xg of single-stranded viral DNA How¬ 
ever, the yield of particles from cells carrying recombinant phagemids that 
have been infected by helper viruses can be 10- to 100-fold lower than that 
from filamentous bacteriophage vectors carrying the same segment of foreign 
DNA This reduction in yield is affected by a number of factors, including: 

• The exact sequences of the mtergenic region that are contained in the 
phagemid Plasmids carrying the complete mtergenic region inhibit pro¬ 
duction of progeny particles by interfering with the replication of the DNA 
of the helper bacteriophage (Cleary and Ray 1980,1981; Dotto et al. 1981). 
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TABLE 4E Phagemids 


Plasmid 

Intergenic 

region 

Helper virus 

Host 

bacteria^ 

Reference 

pEMBL 
(denved from 
pUC8) 

fl 

IRl, an mterference- 
resistant variant of 
fl" 

71/18 

Dente etal (1983) 

pBK322 

M13 

wild-type M13 

KK2186 

Zagursky and 

Berman (1984) 

pRSAlOl 
(derived from 
ttVX') 

M13 

a variant of Ml3 resistant 
to interference by plasmids 
containing the M13 
intergenic region 

XS127, 

XSlOl 

Levinson et al (1984) 

pUCll8/119 
(derived from 
pUC18/19) 

M13 

M13K07 carries a mutated 
version of gene II that 
works less well on its own 
intergenic region than on 
that cloned in pUCll8/119 

MV1184 

Vieira and Messing 
(1987) 

pBluescript 

fl 

M13K07 

XLl-Blue 

Short etal (1988) 


Other more complicated phagemid systems have been devised (see, e g, Geider et al 1985, Mead et al 1985, 
Peeters et al 1986) 

® See Table 4 1 for descriptions of bacterial strains 
^ Enea and Zmder (1982) 

'Seed (1983) 


This problem can be alleviated by using phagemids that carry mtergenic 
regions from which the segment responsible for interference has been 
deleted (Cleary and Ray 1981, Zagursky and Berman 1984) or mutants of 
the helper that are resistant to interference (see below) (Enea and Zmder 
1982; Levinson et al 1984) The inclusion in the phagemid of sequences 
coding for the carboxy-terminal region of the gene IV protein appears to 
lead to a further improvement in the yield of particles containing single- 
stranded plasmid DNA (Levinson et al 1984) The reason for this improve¬ 
ment is not known 

• The site at which the mtergenic region is inserted into the plasmid 
Phagemids carrying the mtergenic region in the Hmdlll site of plasmid 
pBR322 interfere severely with the growth of wild-type bacteriophage 
(Levinson et al 1984), whereas those carrying the intergenic fragment m 
an AAalll site do not (Zagursky and Berman 1984). 

• The nature of the supermfecting bacteriophage Both wild-type filamentous 
bacteriophages (Zagursky and Berman 1984) and interference-resistant 
mutants of these bacteriophages (Dente et al 1983; Levinson et al 1984, 
Mead et al 1985) have been used as helpers Although extensive com¬ 
parisons of the efficiencies of the two kinds of helper have not been 
published, it seems that interference-resistant mutants may be the best 
helpers for small phagemids (those carrying a fragment of foreign DNA 
<5 kb in size), and that wild-type bacteriophages may be the best helpers 
for large phagemids (those carrying a fragment of foreign DNA > 10 kb m 
size) (Levinson et al 1984) Vieira and Messing (1987) have devised a 


4-18 Single-stranded, Filamentous Bacteriophage Vectors 





clever way to overcome interference and to increase the proportion of 
progeny particles that contain single-stranded phagemid sequences Their 
system uses a phagemid that contains an intergenic region derived from 
wild-type Ml 3 DNA that is efficiently recognized by the gene II product of 
the infecting bacteriophage The genome of the infecting bacteriophage 
(M13K07) carries an intergenic region (derived from the mp vectors) that is 
not recognized as efficiently by the gene II product because it carries an 
insertion of lacZ sequences The genome of the helper bacteriophage also 
contains a plasmid origin of replication and a selectable marker (resistance 
to kanamycin). Thus, when cells carrying a phagemid are superinfected, 
the incoming single-stranded genome is efficiently converted to a double- 
stranded form in the usual way However, subsequent amplification of the 
helper DNA can be driven by the plasmid origin of replication, and the 
requirement for the gene II product is therefore greatly reduced or elimi¬ 
nated. Because the gene II product synthesized by the superinfectmg 
bacteriophage interacts preferentially with the wild-type intergenic region 
carried by the resident phagemid, the majority of the resulting progeny (+) 
strands are derived from the phagemid genome and not from the newly 
established RF DNA Often, the yield of single-stranded DNA contains 
50-fold more phagemid sequences than helper sequences. 

• The size and nature of the foreign DNA cloned in the phagemid The yield 
of single-stranded DNA can vary over a five- to tenfold range depending on 
the size of the foreign DNA fragment (m general, the larger the fragment, 
the poorer the yield) Furthermore, for reasons that are not understood, 
foreign DNAs of equivalent size can suppress the yield of single-stranded 
DNA to varying extents 

In summary, phagemids show great potential as dual-purpose vectors 
Unfortunately, the yield of single-stranded DNA from some systems vanes m 
an unpredictable way and is often too low to provide sufficient template for 
more than one or two dideoxy sequencing reactions Recently, however, 
Vieira and Messing (1987) have designed a system that overcomes some of 
these problems Their phagemids (pUCllS and pUC119) are less sensitive 
than others to the size of the foreign DNA sequences and retain the 
advantages of cloning m pUC plasmids Furthermore, when cells carrying 
these phagemids are infected with a suitable helper virus (M13K07), they 
generally produce satisfactory yields of progeny particles containing single- 
stranded copies of the plasmid DNA (1 x lO" to 5 x lO" particles/ml) 

The major advantage of phagemids is their ability to generate adequate 
amounts of single-stranded copies of segments of foreign DNA that are too 
large to clone in conventional Ml 3 vectors without fear of deletion Using the 
pUCllS and pUC119 phagemids, it is often possible to obtain enough 
single-stranded DNA from a large-scale preparation to carry out a senes of 
sequencing reactions pnmed by synthetic oligonucleotides complementary to 
different portions of the insert In this strategy, the last reliable sequence 
obtained from a sequencing reaction primed by one oligonucleotide is used to 
design the synthetic oligonucleotide used to pnme the next. It is therefore 
possible to use a single phagemid to determine the entire sequence of one 
strand of the insert without resorting to subcloning into conventional Ml 3 
vectors 
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THE USES OF SINGLESTBAimEB DNA GENERATED 
BT RECOMBINANTS CONSTRUCTED LN PHAGEMUD 
AND FILAMENTOUS BACTERIOPBLAGE VECTORS 

Because their genomes tend to be unstable, recombinant filamentous bac¬ 
teriophages are not used for the routine cloning and propagation of segments 
of foreign DNA. Instead, they are used chiefly to provide single-stranded 
copies of fragments of DNA that have already been cloned m another type of 
vector (a plasmid or phagemid) Single-stranded DNA can be obtained in this 
way with such ease and m such high 3 deld that filamentous bacteriophage 
vectors (and more recently phagemids) have now completely replaced older, 
physical methods to separate the strands of segments of DNA (e.g., elec¬ 
trophoresis through strand-separating gels and digestion with bacteriophage 
A exonuclease). Single-stranded DNA produced by these vectors is used as a 
template in three main t 3 T)es of reactions, dideoxy chain-termination DNA 
sequencing (Sanger et al 1977), oligonucleotide-directed mutagenesis (Zoller 
and Smith 1983), and pnmed synthesis of hybridization probes that are 
radiolabeled in only one strand These applications are described m detail in 
later chapters The remainder of this chapter deals with methods to 
propagate and store filamentous bacteriophages, to isolate single- and double- 
stranded DNAs, and to detect foreign DNA sequences cloned m filamentous 
bactenophage vectors 
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Propagation of Bacteriophage MIS 
atid Preparation of DNA 


PLAQUE PURIFICATION OF BACTERIOPHAGE MIS 
Preparation of Plating Bacteria 

1. Streak a master culture of a bacterial strain carrying an P' episome (e,g., 
JM107 or JM109) onto a minimal (M9) agar plate. Incubate for 24-36 
hours at 37°C 

The genes coding for enzymes involved in proline biosynthesis have been deleted from 
the chromosomes of these strains of bacteria Thus, only those bacteria that carry the 
F' plasmid (F' traD36 proAB * lacP /acZAMl5) will be able to form colonies on media 
lacking in proline Bacteria grow much more slowly on minimal media than on rich 
media and do not survive prolonged periods of storage at 4®C Master stocks of 
bacteria carrying F' episomes should therefore be stored at '-70°C in LB medium 
containing 15% glycerol (see Appendix A) 

2. Inoculate 50 ml of LB medium, in a 250-ml flask, with a single, well- 
isolated colony picked from the minimal agar plate Agitate the liquid 
culture for 6“8 hours at 37°C in a rotary shaker 

StationarV'phase cells tend to lose F' episomes The plating culture should therefore 
be chilled to 0°C and placed in storage at 4°C before it reaches saturation Plating 
bacteria can be stored in this fashion for periods up to 1 week 
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Ptating Bacteriophage M13 

A plaque of bacteriophage M13 derives from infection of a single bacterium by 
a single virus particle. The progeny particles infect neighboring bacteria, 
which in turn release another generation of daughter virus particles If the 
bacteria are growing in semisohd medium (containing, e g , agar or agarose), 
the diffusion of the progeny particles is limited. Filamentous bacteriophages 
such as M13 do not kill the cells they infect, but they do slow their growth 
approximately twofold. Under these circumstances, a plaque forms as an 
expanding zone of slowly growing bacteria that eventually becomes visible to 
the naked eye against a background of more turbid bacterial growth within 
the agar or agarose overlay. 

1. Prepare a series of labeled, sterile tubes (13 mmx 100 mm) containing 3 
ml of melted top agar (made up in LB medium) Store the labeled tubes in 
a heating block at 47°C 

2. Prepare tenfold senal dilutions of the bacteriophage stock in LB medium 
Dispense 10 /il or 100 /il of each dilution to be assayed into each of two 
labeled tubes (13 mmx 100 mm) 

A bacteriophage M13 plaque contains between 10® and 10® pfu Medium from a liquid 
culture of bactena infected with bacteriophage M13 contains between 10and 10*^ 
pfu/ml 

3. Add 100 jul of plating bactena (see page 4 21) to each tube Mix by 
shaking or vortexing gently 

Unlike bacteriophage A, M13 adsorbs rapidly to bactena, and there is no need to 
incubate the plating bacteria with the bactenophage suspension before adding top 
agar 

4. Add 40 yxl of a solution of X-gal (20 mg/ml m dimethylformamide) and 4 fil 
of a solution of IPTG (200 mg/ml) to one of the tubes containing top agar 
Immediately pour the contents of this tube into one of the tubes containing 
plating bacteria and diluted bacteriophages Mix the contents by gentle 
vortexing for 3 seconds, and then pour the mixture onto a labeled plate 
containing 30-35 ml of hardened LB agar medium, equilibrated to room 
temperature Swirl the plate gently to ensure an even distribution of 
bactena and top agar Work quickly so that the top agar spreads over the 
entire surface of the agar before it sets 

Prepare the X-gal solution by dissolving X-gal in dimethylformamide to make a 20 
mg/ml solution Use a glass or polypropylene tube Wrap the tube containing the 
solution in aluminum foil to prevent damage by light and store at -20°C It is not 
necessary to stenlize X-gal solutions by filtration 

Prepare the IPTG solution by dissolvmg 2 g of IPTG in 8 ml of HjO Adjust the 
volume of the solution to 10 ml and sterilize by filtration through a 0 22-micron 
disposable filter Dispense the solution into 1-ml aliquots and store at -20°C 

5. Close the plates and allow the top agar to harden for 5 minutes at room 
temperature Invert the plates and incubate at 37'’C Pale blue plaques 
will begin to appear after 4 hours, and the color will gradually mtensify as 
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the plaques enlarge The plaques will be fully developed after 8-12 hours, 
and the blue color will intensify further if the plates are stored for a few 
hours at 4°C 

Notes 

I Colorless plaques (formed by bactenophages that are unable to accom¬ 
plish a-complementation) first appear after about 4-5 hours at 37°C and 
are best visualized after 8 hours of incubation 

II The color of the plaques is a useful, but not infallible, guide. Although 
nonrecombinant bactenophages always give nse to blue plaques, not all 
blue plaques are necessarily formed by nonrecombinant bactenophages. 
For example, recombinant bactenophages carrying very small segments 
of foreign DNA that do not alter the reading frame of the lacZ sequences 
will code for fusion polypeptides that may still be partially competent for 
a-complementation These recombinants usually give nse to pale blue 
plaques, although in this case the color does not develop until the plates 
have been incubated for at least 6 hours Furthermore, at least one case 
has been reported m which a recombinant bactenophage sjmthesizes a 
new a-donor whose first few amino acids are coded by the 3' terminus of 
the foreign DNA and the remainder are from the original a-donor of the 
vector (Close et al 1983) This recombinant generates blue plaques that 
are indistinguishable from those formed by unsubstituted vector 

III Minimal (M9) agar plates can be used for plaque formation by bac¬ 
teriophage M13 These have the advantage of allowing only bacteria that 
retain the F' plasmid to grow Thus, infected cultures established from a 
plaque formed on minimal medium are unlikely to contain a significant 
number of female cells In contrast, plaques formed on richer medium 
(2 X YT or LB) may contain a proportion of auxotrophic female cells that 
are resistant to infection by bactenophage M13. Fortunately, the sponta¬ 
neous loss of F' plasmids from bacteria grown for a limited period m rich 
medium is rarely high enough to cause problems Because plaques form 
more rapidly on richer medium than on minimal medium, we recommend 
that YT or LB medium be used for routine plating of bacteriophage M13 
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Picking Bacteriophnge SilS Plnqnes 

1. Dispense 1 ml of LB medium into a sterile tube (13 mm x 100 mm) 

2. Touch the surface of the chosen plaque with the end of a sterile, 8-cm-long 
wooden stick (sometimes called applicator or orange stick). Immediately 
immerse the end of the stick in the LB medium and shake it vigorously to 
dislodge small fragments of agar (or agarose) Applicator sticks can be 
autoclaved and reused many times. 

Alternatively, plaques can be picked by either of the following methods 

I Attach a bulb to a sterile, disposable pasteur or capillary pipette and stab through 
the plaque into the underl 3 ning agar Then expel the plug of agar from the pipette 
into 1 ml of LB medium 

II Touch the surface of the plaque with a sterile toothpick, and then drop the 
toothpick into a tube contaimng 1 ml of LB medium This method violates the 
rules of sterile technique, since the toothpick has been held by a nonstenle hand 
However, in practice, few problems arise, perhaps because the “dirty” end of the 
toothpick usually does not come into contact with the medium This method may 
be used when picking plaques that will be used immediately (eg, to generate 
templates for sequencing), but it is not recommended when picking plaques that 
will be stored for long periods of time or that will be used to make master stocks of 
valuable recombinants 

3. Let the suspension stand for 1 to 2 hours at room temperature to allow the 
bacteriophage particles to diffuse out of the agar An average plaque 
contains between 10^ and 10^ pfu. The suspension of bacteriophage 
particles can be stored indefinitely in LB medium at 4®C or — 20°C without 
loss of viability. 


Note 

Bacteriophage Ml 3 can diffuse considerable distances through top agar. To 
minimize the possibility of cross contamination, it is therefore important to 
pick plaques that are well-separated ('^l cm) from their nearest neighbors 
Do not pick plaques that have been grown for more than 12 hours at 37°C or 
stored for extended periods at 4°C 
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PKEPAtUNG STOCKS OF BACTEBJOPHAGE MIS 
FROM SINGLE PLAOVES 

Stocks of bacteriophage M13 are usually grown in liquid culture. The 
infected bacteria do not lyse, but instead grow slowly to form a dilute 
suspension. The inoculum for the bacteriophage stock is almost always a 
freshly picked plaque or a suspension of bacteriophage particles obtained 
from a single plaque 


LiqwUd Cultures 

1. Add 50 Ail of a culture of plating bactena (see page 4 21) to 2 ml of LB 
medium m a sterile 15-ml culture tube 

2. Either add one tenth of a suspension of bacteriophage particles derived 
from a single plaque (see page 4 24) or touch the surface of a plaque with a 
stenle, 8-cm-long wooden stick (sometimes called applicator or orange 
stick) Wash the end of the stick in the medium containing the plating 
bactena 

3. Incubate the infected culture for either 4-5 hours (entire plaque) or 5-6 
hours (one tenth of a plaque suspension) at 37°C with constant agitation. 
To minimize the possibility of selecting deletion mutants, cultures mfected 
with recombinant Ml3 bacteriophages should not be grown for longer 
periods of time 

4. Transfer 1 ml of the culture to a sterile microfuge tube and centnfuge at 
12,00Qg for 5 minutes at room temperature in a microfuge Transfer the 
supernatant to a fresh, sterile microfuge tube, being careful not to disturb 
the pellet of bactena The stock can be stored indefinitely at 4°C or -20°C 
without loss of infectivity The titer of the stock should be ~ 10^® pfu/ml. 
The remaining 1 ml of the infected bacterial culture may be used to 
prepare single-stranded DNA or double-stranded RF DNA (see pages 
4 26-4 30). 
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prepamulhon of bactemuophage mis dna 


Bacteria infected with bacteriophage M13 contain the double-stranded rep¬ 
licative form of bactenophage Ml 3 DNA and produce virus pgirticles con- 
taimng single-stranded progeny DNA Amounts of both forms of the viral 
DNA sufficient for most purposes may be isolated from small-scale cultures of 
mfected bactena by the same methods used to prepare plasmid DNA 

Small-scale Preparations of the BepUeative Form 
of Bacteriophage MIS BNA 

1. Prepare an infected culture (2 ml) as described on page 4 25. To 
minimize the possibility of selectmg deletion mutants, cultures infected 
with recombinant Ml 3 bacteriophages should be grown for the shortest 
possible time required to achieve an adequate yield of DNA. For most of 
the vector/host combinations in current use, cultures grown for 4 0-4 5 
hours at 37°C will yield ~ 500 ng of RF DNA per milliliter 

If desired, use up to 1 ml of the culture to prepare a master stock of 
bacteriophage particles The remainder of the mfected culture is used to 
prepare RF DNA 

2. Transfer 1 0-1 5 ml of the infected culture to a microfuge tube, and 
centrifuge at 12,000g for 5 minutes at room temperature in a microfuge. 
The mfected bactena form a visible pellet, and the bacteriophage parti¬ 
cles remain in the supernatant 

3. Transfer the supernatant to a fresh, sterile microfuge tube, being careful 
not to disturb the bacterial pellet, and store at 4°C If desired, single- 
stranded bactenophage Ml 3 DNA may be prepared from this superna¬ 
tant at a later stage (see page 4.29) 

4. Using a micropipette, remove any residual supernatant from the tube 
containing the bacterial pellet and discard Resuspend the pellet by 
vigorous vortexing in 100 fil of ice-cold Solution I 


Solution I 

50 niM glucose 
10 HIM EDTA (pH 8 0) 

25 niM Tns • Cl (pH 8.0) 

Solution I can be prepared in batches of approximately 100 
ml, autoclaved for 15 minutes at 10 Ib/sq. in. on hquid cycle, and 
stored at 4°C. 


k IS essential to ensure that the bactenal pellet is completely dispersed m Solution I 
^is can be achieved rapidly by vortexmg two microfuge tubes simultaneously with 
their bases touching (see Figure 1 2, page 126) 

The on^n^ pr^col called for the use of lysozyme at this pomt to digest the 
bactenal cells This step is unnecessary 
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Some strains of bacteria shed into the medium cell-wall components that can inhibit 
the action of restriction enzymes This problem can be avoided by resuspendmg the 
bactenal cell pellet in 0 5 ml of STE (0 1 M NaCl, 10 mM Tns Cl [pH 8 0], 1 mM 
EDTA [pH 8 0]) and recentnfugmg After removal of the STE, resuspend the pellet 
in Solution I as described above 


5. Add 200 /x\ of freshly prepared Solution II 


Solution II 

0.2 N NaOH (freshly diluted from a 10 n stock) 
1% SDS 


Close the tube tightly and mix the contents by inverting the tube 
rapidly five times Make sure that the entire surface of the tube comes in 
contact with Solution II Do not vortex Store the tube on ice. 

6. Add 150 ix\ of ice-cold Solution III 

Solution III 

5 M potassium acetate 60 ml 
glacial acetic acid 11.5 ml 

H 2 O 28 5 ml 

The resulting solution is 3 m with respect to potassium and 5 M 
with respect to acetate. 

Close the tube and vortex it gently in an inverted position for 10 
seconds to disperse Solution III through the viscous bactenal lysate 
Store the tube on ice for 3-5 minutes 

7. Centrifuge at 12,00Qg for 5 minutes at 4°C in a microfuge Transfer the 
supernatant to a fresh tube 

8. Add an equal volume of phenol chloroform Mix by vortexing. After 
centrifuging at 12,000!g for 2 minutes in a microfuge, transfer the 
supernatant to a fresh tube 

9. Precipitate the double-stranded DNA with 2 volumes of ethanol at room 
temperature Mix by vortexing Allow the mixture to stand for 2 min¬ 
utes at room temperature 

10. Centrifuge at 12,00Qg for 5 minutes at 4°C in a microfuge 

11. Remove the supernatant by gentle aspiration Stand the tube in an 
inverted position on a paper towel to allow all of the fluid to drain away. 
Remove any drops of fluid adhering to the walls of the tube. 

The supernatant can be conveniently removed with a disposable pipette tip attached 
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to a vacuum line (see Figure 1 3, page 1 27) Use a gentle vacuum and touch the tip 
to the surface of the liquid Keep the tip as far away from the pellet of nucleic acid 
as possible as the fluid is withdrawn from the tube The pipette tip can then be used 
to vacuum the walls of the tube to remove any adherent droplets of fluid 

12. Rinse the pellet of double-stranded DNA with 1 ml of 70% ethanol at 4°C 
Remove the supernatant as described in step 11, and allow the pellet of 
nucleic acid to dry in the air for 10 minutes. 

13. To remove RNA, resuspend the pellet in 25 /xl of TE (pH 7.6) containing 
DNAase-free pancreatic RNAase (20 ;u,g/ml) (see Appendix B) Vortex 
briefly The double-stranded RF DNA is now ready for analysis by 
digestion with restriction enz 5 mies The yield of RF DNA expected from 1 
ml of an infected bactenal culture is usually ~ 500 ng, which is enough 
for five digests 


Note 

This method, devised by Birnboim and Doly (1979) and subsequently mod¬ 
ified by Ish-Horowicz and Burke (1981), was used originally to isolate 
plasmid DNA from bacterial cultures. It is our experience that preparations 
of bacteriophage Ml 3 RF DNA are never as clean as small-scale preparations 
of plasmid DNA Often, they are contaminated with single-stranded viral 
DNA that can confuse the pattern of DNA fragments obtained by digestion 
with restriction enzymes. This problem can be alleviated by analyzing m 
parallel an aliquot of RF DNA that has not been digested with restriction 
enzymes. Linear and circular single-stranded viral DNAs (which usually 
appear as fuzzy bands migrating faster than the double-stranded RF DNA) 
are not cleaved by most of the restriction enzymes commonly used for cloning 
in bacteriophage Ml 3, and therefore their migration through agarose gels 
does not change after incubation with restriction enzymes If the pattern of 
bands is confusing, fragments of double-stranded DNA with recessed 3' 
termini can usually be identified unambiguously by end-labeling (see Chapter 
1, pages 1 56-1 57) 
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SmaU-seale Preparations of Singte-stranded 
Bacteriophage MIS BNA 

1. Prepare an infected culture (2 ml) as described on page 4.25 To minimize 
the possibility of selecting deletion mutants, cultures infected with 
recombinant M13 bacteriophages should be grown for the shortest pos¬ 
sible time (s4.5 hours) required to achieve an adequate yield of DNA 

If desired, use up to 1 ml of the culture to prepare a master stock of 
bacteriophage particles The remainder of the infected culture is used to 
prepare single-stranded DNA. 

2. Transfer 1 0-1 5 ml of the infected culture to a microfuge tube, and 
centrifuge at 12,000g for 5 minutes at 4“C in a microfuge. 

3. Transfer about 1 2-1 3 ml of the supernatant to a fresh microfuge tube, 
and add 200 fi\ of a solution of 20% polyethylene glycol (PEG 8000) in 2 5 
M NaCl. Mix by inverting the tube several times, followed by gentle 
vortexing. Let the tube stand for 15 minutes at room temperature. 

The solution of polyethylene glycol m 2 5 M NaCl should be sterilized by filtration. It 
may then be stored indefinitely at room temperature 

4. Recover the precipitated bacteriophage particles by centrifugation at 
12,000^ for 5 minutes at 4°C m a microfuge. 

5. Carefully remove all of the supernatant using a disposable pipette tip as 
described on pages 4 27-4 28. Recentrifuge the tube for 30 seconds and 
remove any residual supernatant A tiny pellet of precipitated bac¬ 
teriophage particles should be visible at the bottom of the tube 

If no pellet is visible, it is unlikely that sufficient single-stranded DNA will be 
obtained to justify proceeding further In this case, pick more plaques and grow the 
infected bacteria for 6 hours 

Contamination of the bacteriophage pellet with components in the supernatant 
causes problems m dideoicy sequencing reactions, and it is therefore important to 
take special care to remove all traces of supernatant from the microfuge tube 

6. Resuspend the pellet in 100 yul of TE (pH 8 0) by vigorous vortexing 

A multitube vortexing machine (Baxter SMI, 2600) saves much time and effort when 
many samples are to be processed simultaneously 

7. Add 50 jul of phenol (not phenol chloroform) equilibrated with Tris • Cl 
(pH 8 0) (see Appendix B) Mix well by vortexing for 30 seconds. Allow 
the sample to stand for 1 minute at room temperature, and then vortex 
for another 30 seconds 

8. Centrifuge the sample at 12,00Qg for 1 minute at room temperature in a 
microfuge Using an automatic pipettor, transfer the upper, aqueous 
phase to a fresh microfuge tube containing 300 of a 25.1 mixture of 
absolute ethanol:3 M sodium acetate (pH 5.2) Vortex briefly. Store for 
15 minutes at room temperature 
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Do not try to transfer all of the aqueous phase Much cleaner preparations of 
single-stranded DNA are obtained when ~ 5 /lil of the aqueous phase is left at the 
interface 

Some investigators extract the aqueous phase with chloroform before precipitating 
the DNA with ethanol. Smgle-stranded DNAs made in this way are the best 
templates for DNA sequencmg reactions However, the results obtamed from 
templates prepared with phenol alone are adequate for most purposes, and there is 
normally no need to use chloroform 

9. Recover the precipitated single-stranded bacteriophage DNA by centrifu¬ 
gation at 12,00Qg for 10 minutes at 4°C in a microfuge Remove the 
supernatant by gentle aspiration, being careful not to disturb the pellet 
(which is often barely visible) Recentrifuge the tube for 15 seconds and 
remove any residual supernatant. 

10. Add 200 fi\ of 70% ethanol at room temperature, vortex briefly, and 
centrifuge. Immediately remove the supernatant by gentle aspiration 
At this stage, the pellet is not attached quite so firmly to the wall of the 
tube, and it is therefore important to work quickly and carefully to avoid 
losing the DNA. 

11. Stand the open tube on the bench for 10 minutes to allow any residual 
ethanol to evaporate Dissolve the pellet in 50/u,l of TE (pH 8 0) Store 
at -20°C. The )deld of smgle-stranded DNA is usually 5—10 fjt,g per 
milliliter of the original infected culture 
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Large-acaie Preparations of the Replicative Form 
of Bacteriophage MIS BNA 

1. Prepare a small stock of the desired bacteriophage for use as an inoculum 
(see page 4 25) 

2. Transfer 2 5 ml of plating bacteria (see page 4.21) to a sterile tube 
(13 mm X 100 mm) Add 0 5 ml of the bacteriophage stock Mix by tapping 
the side of the tube Allow the tube to stand for 5 minutes at room 
temperature 

3. Dilute the infected cells into 250 ml of fresh LB medium, prewarmed to 
37°C, in a 2-liter flask Incubate for 5 hours at 37°C with constant, 
vigorous shaking 

4. Harvest the infected cells by centrifugation at 400Qg for 15 minutes at 
4°C Carefully remove the supernatant (which may be used for large-scale 
preparations of single-stranded bacteriophage M13 DNA, if desired) 

5. Resuspend the bacterial pellet in 100 ml of ice-cold STE Recover the 
washed cells by centrifugation at 4000ig for 15 minutes at 4°C 

STE 

01m NaCl 

lOmMTris-Cl (pH 8.0) 

1 mM EDTA (pH 8.0) 


6. Isolate the bacteriophage M13 closed circular RF DNA by the alkaline 
lysis method (see Chapter 1, page 1 38) and purify by precipitation with 
polyethylene glycol or by equilibnum centrifugation in CsCl-ethidium 
bromide gradients (see (Chapter 1, page 1 40 or 1 42) The yield of RF 
DNA expected from 250 ml of infected cells is ~ 200 jug. 
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Large-scale PrsparaMons of SUtgMe-sfrattded Bacteriophage MIS DNA 

1. Transfer the supernatant set aside m step 4 (page 4.31) to a 500-nil 
beaker containing a magnetic stirring bar 

2. Add 10 g of polyethylene glycol (PEG 8000) and 7 5 g of NaCl to the 
supernatant, and stir for 30 minutes to 1 hour at room temperature. 
Stirring for longer periods of time can result in the precipitation of 
undesired bactenal debns 

3. Collect the precipitate by centnfugation at lO.OOQg for 20 minutes at 4°C. 
Let the centrifuge bottle stand in an inverted position for 2-3 mmutes to 
allow the supernatant to dram away from the precipitate Use Kimwipes 
to remove the last traces of supernatant from the walls and neck of the 
bottle. 

4. Add 10 ml of a solution of 10 him Tris Cl (pH 8.0) to the bottle Use a 
pasteur pipette to collect the precipitate (which is smeared over the wall 
of the bottle) and to transfer it to a 30-ml Corex centrifuge tube 

5. Add an equal volume of phenol equilibrated with Tris Cl (pH 8 0) (see 
Appendix B) Seal the tube, and mix the contents by vortexing vigorous¬ 
ly for 2 minutes 

6. Centrifuge at 3000g for 5 mmutes at room temperature. 

7. Transfer the upper, aqueous phase to a fresh tube and repeat the 
extraction, this time using phenol.chloroform equilibrated with Tris • Cl 
(pH 8 0) 

If there is a visible interface, extract the supernatant once more with chloroform 

8. Transfer the upper, aqueous phase to a clean 50-ml tube Add 1 ml of 3 M 
sodium acetate (pH 5 2) and 22 ml of absolute ethanol. Mix well and 
store at 0“C for 1 hour 

9. Recover the precipitate of single-stranded DNA by centrifugation at 
12,00Qg for 20 minutes at 4^ 

10 . Carefully discard all of the supernatant Add 30 ml of 70% ethanol at 
4°C to the tube Vortex bnefly. 

11. Centrifuge at 12,000g for 10 minutes at d^C Carefully remove as much 
of the supernatant as possible, and store the tube in an inverted position 
to allow the last traces of supernatant to drain away from the precipitate 
Watch carefully to make sure that the precipitate does not slide out of the 
tube. Wipe the neck of the tube with Kimwipes 

12. Allow the pellet to dry at room temperature, and then dissolve it in 1 ml 
of TE (pH 8 0) Store the DNA at —20°C The yield of single-stranded 
DNA expected from 250 ml of infected culture is 250 iig to 1 mg. 
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Cloning into BncteriopHage IBIS Vectors 
and. Trawtsfection of Competent Bacteria 


Fra^ents of foreign DNA are inserted into bacteriophage Ml 3 vectors in 
exactly the same way that they would be inserted mto a conventional 
plasmid Four different methods are commonly used: 

1 The polycloning site of the vector is cleaved with a single restriction 
enzyme, and the resulting linear DNA is ligated with an excess of foreign 
DNA that has compatible termini. No effort is made to reduce the 
background of nonrecombmant molecules formed by recirculanzation of 
the vector Bacteriophages carrying foreign DNA sequences are identified 
by their ability to form colorless plaques when plated m media containing 
IPTG and X-gal Recircularized, nonrecombmant bacteriophages form 
blue plaques The foreign DNA can be earned in such recombinant 
bactenophages in two possible orientations. 

2 An additional step is included in method 1 above After linearization, the 
vector IS treated with phosphatase to reduce its ability to recircularize 
during ligation (see Chapter 1, page 1 60) The foreign.JDNA can be 
carried in such recombinant bacteriophages in two possible onentations 

3 The polycloning site of the vector is cleaved with two different restriction 
enzymes, generating linear molecules with incompatible termim (see 
Chapter 1, pages 1 53-1 56) The linear vector is ligated to an excess of 
foreign DNA that has termini compatible with those of the vector In this 
type of forced directional cloning, no effort is made to reduce the back¬ 
ground of nonrecombmant molecules formed by reinsertion of the small 
fragment of the polycloning site into the vector Bacteriophages carrjdng 
foreign DNA sequences are identified by their ability to form colorless 
plaques when plated in media containing IPTG and X-gal The foreign 
DNA can be inserted into the vector in only one onentation 

4 An additional step is included in method 3 above After cleavage of the 
vector DNA, the small fragment of the polycloning site is removed by 
electrophoresis through an agarose or polyacrylamide gel (see Chapter 6) 
or by spun-column chromatography through Sepharose CL-4B (see Appen¬ 
dix E) This reduces the number of nonrecombmant clones created by 
reinsertion of the small fragment of the polyclonmg site mto the vector 
Foreign DNA sequences can be inserted mto the vector in only one 
possible orientation 

Which of these four methods should be used is partly a matter of personal 
preference, but there are several factors to consider when deciding among 
them 

• Methods 1 and 3 should be used only if sufficient foreign DNA is available 
to allow the ligation reaction to be set up with a three- to tenfold molar 
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excess of the foreign DNA fragment. If the amount of foreign DNA is 
limited, use method 2 or 4 

• If the replicative form of the vector DNA has been cleaved with two 
different restriction enzymes, the fragment of foreign DNA can be inserted 
in only one orientation with respect to the surrounding bacteriophage Ml 3 
sequences This usually causes no problems when the final recombinant is 
to be used to generate single-stranded templates for site-directed 
mutagenesis However, directional cloning may impose limitations when 
the single-stranded templates are to be used to determine the sequence of 
the foreign DNA or to generate strand-specific probes If “universal 
primer” is used in the reaction, the sequences obtained will be restricted to 
the 300-500 nucleotides of foreign DNA immediately downstream from the 
pnmer-bmding site; radioactive probes will correspond to only one of the 
strands of the foreign DNA. One solution to this problem is to insert the 
foreign DNA separately into each member of a pair of bacteriophage Ml 3 
vectors (eg., M13mpl8 and M13mpl9) that carry the polycloning site in 
opposite orientations Single-stranded templates prepared from these 
recombinants will 3 neld the terminal sequences of each of the two strands of 
the foreign DNA, radioactive probes can be generated that will hybridize 
specifically to one strand or the other of the foreign DNA 

• When the DNAs are to be cleaved with two restriction enzymes (methods 3 
»nd 4), the digestions can be carried out simultaneously if both enzymes 
work in the same buffer Alternatively, the enzyme that works in the 
buffer of lower ionic strength should be used first. After incubation for an 
appropriate time, analyze a small sample of the DNA in the reaction by 
agarose gel electrophoresis If the digestion is complete, adjust the ionic 
strength of the buffer, add the second enzyme, and continue incubation. 
Then set up a pilot reaction (10 /xl) containing the second restriction 
enzjmie, 50-100 ng of a test DNA that contains more than one site for the 
second enzyme, and 9 fx\ of the large-scale reaction After incubation, 
analyze the test DNA in the pilot reaction by agarose gel electrophoresis. If 
the reaction is complete, purify the DNA in the large-scale reaction by 
extraction with phenol chloroform and precipitation with ethanol 

• Because bacteriophage M13 is not a suitable vector either for the routine 
propagation of foreign DNA segments or for sequencing or mutagenesis of 
large segments of foreign DNA, special efforts should be made to construct 
recombinants containing the smallest possible fragment of foreign DNA 
that carries the sequences of interest 

Whichever method is used to prepare the vector DNA, a sample of the final 
preparation should be analyzed by electrophoresis through an agarose gel to 
check the integrity of the DNA If the vector is to be used routinely to clone 
different segments of foreign DNA, it is advisable to set up a senes of test 
ligations and transformations to measure the background and to determine 
the efficiency of the vector. 
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Cloning DNA Fragments into Bacteriophage MIS Vectors 

1. Mix together appropriate amounts of vector DNA, prepared by one of the 
methods described above, and the fragment(s) of foreign DNA to be cloned 
The combined volume of the two DNAs should not exceed 8 fA. If 
necessary, add TE (pH 8.0) to bring the volume to 7 5 fil. Add 1 ^il of 10 x 
ligation buffer and 1 /al of 10 miw ATP Place 1 jil of the mixture into a 
microfuge tube containing 9 (A of TE (pH 8 0), and store at 4°C for later 
analysis by gel electrophoresis 

For each 10 /il of ligation reaction, a combination of 20-40 ng of vector DNA and a 
three- to tenfold molar excess of foreign DNA will produce an adequate yield of 
recombinant genomes for most cloning purposes 

10 X Ligatwn buffer 

0.5 M Tris • Cl (pH 7 6) 

100 ntiM MgClg 
100 mM dithiothreitol 

500 /xg/ml bovine serum albumin (Fraction V; Sigma) (optional) 


2. Set up two control reactions containing 

a the same amount of vector DNA, but no foreign DNA 

b the same amount of vector DNA and an appropnate amount of a test 
DNA that has been successfully cloned into bacteriophage Ml 3 on a 
previous occasion (e g, bacteriophage A DNA cleaved with restnction 
enzymes that recognize tetranucleotide sequences and generate appro¬ 
pnate termini) 

3. Add 0 5 Weiss unit of bacteriophage T4 DNA ligase to each of the reactions 
from steps 1 and 2, and mix by vortexing bnefly (For definition of Weiss 
unit, see Chapter 5, page 5 62) Incubate for 4-6 hours at 16°C 

4. After ligation, transfer an aliquot (1 fi\) from each ligation to a microfuge 
tube containing 9 yul of TE (pH 8 0) Analyze these aliquots, and the 
unligated aliquot of the mixture set aside in step 1, by electrophoresis 
through a 0 7% agarose gel to check that the ligation reaction has been 
successful 

The kinetics of ligation can often be improved by 

• coprecipitating the fragments of DNA with ethanol before setting up the reaction, 

• including 5% polyethylene glycol (PEG 8000) m the ligation reaction (Pheiffer and 
Zimmerman 1983, Zimmerman and Harnson 1985), or 

• including hexamminecobalt chlonde in the reaction (Rusche and Howard-Flanders 
1985, Tessier et al 1986) 

The effects of these compounds on the ligation of DNA are discussed in more detail in 
Chapter 1, pages 1 70-1 71 

5. Introduce 5 [A of each of the remaining samples into competent bacteria of 
the appropriate strain of E coli (see page 4 37) 
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Pr^arattou of Competent Raeteriu 

1 . Streak a master culture of bacterial stram TGI or TG2 onto a minimal 
agar plate. Incubate for 24-36 hours at 37°C. 

The genes coding for enzymes involved in proline biosynthesis have been deleted from 
the chromosomes of TGI and TG2. Thus, only those bacteria that carry the F' 
plasmid (F' traD36 proAB*^ lacP ZocZAMlS) will be able to form colomes on media 
lacking in proline Bacteria grow much more slowly on minimal media than on rich 
media, and they do not survive prolonged periods of storage at 4°C Master stocks of 
TGI and TG2 carrying F' episomes should therefore be stored at — 70“C m LB medium 
containing 15% glycerol (see Appendix A) 

Other strains (e g, JMlOl and JM109) can be used to prepare bacteria that are 
competent for transfection by bacteriophage M13 DNA However, TGI and TG2 have 
the advantage of combmmg a set of desirable genetic markers with the ability to be 
transfected efficiently with double-stranded viral DNA 

Stram MV1184 (see Table 4 1) should be used for transformation with the phagemids 
pUCllS and pUC119 (see page 4 44) 

2. Prepare a batch of frozen competent bacteria as descnbed in Chapter 1, 
pages 1.76-1 81 
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Transfection of Competent Bacteria with, Bacteriophage MIS BNA 

1. Grow an overnight culture of plating bactena (TGI or TG2) in SOB 
medium at 37°C with constant shaking 

2. Remove an aliquot of frozen competent TGI or TG2 cells from the — 70°C 
freezer Allow it to thaw at room temperature, and then place on ice for 10 
minutes 

3. Transfer 50 ixX of the competent bactena to each of a senes of sterile 5-ml 
culture tubes (Falcon 2054) that have been chilled to 0°C. Immediately 
add 5 fil of each of the ligation reactions (page 4 35) to separate tubes. 
Two controls should be included, one containing 5 pg of bacteriophage M13 
double-stranded circular DNA and the other no DNA at all Mix the DNAs 
with the bactena by tapping the sides of the tubes gently Store on ice for 
30 minutes 

Tubes other than Falcon 2054 may be used, but in this case it will be necessary to 
determine empirically the optimum time and temperature of heat shock 

4. Prepare a set of stenle culture tubes containing 3 ml of melted SOB top 
agar Store at 47°C until needed in step 6 

5. Transfer the tubes containing the competent bacteria and DNA to a water 
bath equilibrated at 42°C Incubate for exactly 90 seconds Immediately 
return the tubes to an ice bath After 2 minutes, add 175 fjd of SOB 
medium lacking magnesium Mix by gentle vortexing. 

6 . Add 40 /xl of a solution of X-gal (20 mg/ml m dimethylformamide) and 4 (jlI 
of a solution of IPTG (200 mg/ml) to the tubes containing the melted SOB 
top agar prepared in step 4, and mix by vortexing Transfer aliquots of the 
transfected bacteria (1 /il, 10 /xl, and 100 /xl) to the tubes Immediately 
add 200 fx\ of the overnight culture of TGI or TG2 cells (step 1) Mix by 
vortexing Pour the mixture onto a labeled LB agar plate Swirl the plate 
gently to ensure an even distribution of bacteria and top agar 

Solutions of IPTG and X-gal are prepared and stored as described on page 4 22 

7. Close the plates and allow the top agar to harden for 5 minutes at room 
temperature. Invert the plates and incubate at 37°C Plaques will begin 
to appear after 4 hours and will be fully developed after 8-12 hours 

Plaques formed by wild-type bacteriophage M13 will be deep blue, those 
formed by recombinants will be colorless 

Note 

The numbers of blue and colorless plaques obtained depend on many factors, 

including the following' 

• Whether the DNA of the bacteriophage Ml 3 vector was cleaved by one or 
two different restriction enzymes 
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• The stoichiometry of the DNAs in the ligation reactions 

• The efficiency with which the competent bacteria were transfected with the 
viral DNAs 

Typical results might be. 


Number of plaques/ 
/ng vector DNA 


RFDNA 

blue 

colorless 

Closed circular 

3x10^ 

3 X 10®“ 

Linearized by cleavage 
with one restriction enzyme 

1x10® 

~5 X 10^ 

Linearized by cleavage 
with one restriction 
enzyme and self-ligated 

2x10’ 

~1 X 10“ 

Linearized by cleavage 
with one restriction 
enzyme, phosphatase-treated, 
and self-ligated 

3x 10^ 

~5 X 10“ 

Cleaved by two different 
restriction enzymes 

<5 x 10® 

~1 X 10“ 

Linearized by cleavage 
with one restriction 
enzyme and ligated in 
the presence of a 
tenfold molar excess 
of foreign DNA cleaved 
with a compatible 
restriction enzyme 

~1 X 10® 

~4 X 10® 

Cleaved by two different 
restriction enzymes and 
ligated in the presence 
of a tenfold molar excess 
of a fragment of foreign 

DNA carrying compatible 
termini 

<5 X 10® 

~2 X 10® 


“The small proportion of colorless plaques is formed by spontaneous 
mutants that have lost the ability to accomplish a-complemen¬ 
tation 
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IdentificiMon uwtd Aw$aMysis of Heeomhinants 


Insertion of foreign DNA sequences into bacteriophage M13 vectors almost 
invariably causes inactivation of the ammo-terminal fragment of j3-galac- 
tosidase. Although a small number of recombinants have been identified that 
continue to display a-complementation (see, e g , Close et al 1983), the great 
majority of recombinant Ml 3 bacteriophages form pale blue or colorless 
plaques when plated in media containing IPTG and X-gal (Gronenbom and 
Messing 1978) Several methods are available to analyze the foreign DNA 
sequences in these colorless plaques 


Alrect Gel Electrophoresis 

Recombinants carrying sequences of foreign DNA longer than 200-300 

nucleotides can be detected by gel electrophoresis of DNA released from 

infected bacteria 

1. Prepare stocks of putative recombinant bacteriophages from smgle 
plaques as described on page 4 25 As controls, prepare stocks of severed 
nonrecombinants (picked from well-isolated blue plaques) 

2. Transfer 1 5 ml of the infected cell cultures to microfuge tubes, and 
centrifuge at 12,000!g' for 5 minutes at room temperature in a microfuge. 

3. Using an automatic pipetting device equipped with a sterile tip, transfer 
20 /xl of each of the supernatants into fresh microfuge tubes Store the 
remainders of the cultures at 4°C until needed. Add 1 /xl of 2% SDS, mix 
by vortexmg briefly, and incubate at for 5 minutes Add 5 /xl of 
gel-loading buffer (see Appendix B), mix, and load each sample into a well 
of a 0 7% agarose gel cast m 0 5 x TBE (see Appendix B) and contaimng 
ethidium bromide (0.5 /xg/ml) 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described in Appendix E 

4. After electrophoresis, examine the gel by ultraviolet light and photograph 
the gel as described in Chapter 6, page 6 19 Compare the electrophoretic 
mobilities of the single-stranded DNAs liberated from the putative recom¬ 
binants with those of the DNAs liberated from the control nonrecombinant 
bacteriophages RecombinEints carrjnng sequences of foreign DNA longer 
than 200-300 nucleotides migrate more slowly through the gel. Single- 
stranded DNA can be prepared from the remainders of the original 
cultures that were stored at 4°C 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes. To 
minimize exposure, make sure that the ultraviolet light source is 
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adequately shielded and wear protective goggles or a full safety mask that 
efficiently blocks ultraviolet light. 

Note 

If necessary, the presence of foreign DNA sequences can be confirmed by 
transferring the single-stranded DNAs from the gel to a nitrocellulose filter 
or nylon membrane and hybridizing to an appropriate radiolabeled probe (see 
Chapter 9, pages 9 34-9 55). Soak the gel in 20 x SSC for 45 minutes, and 
then transfer the DNA directly to the filter There is no need to denature the 
DNA by soaking the gel in alkali 
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In Situ Hybridixution of Bacteriophage MIS Ptagues 

Bacteriophage Ml 3 plaques can be screened by hybridization to ^^P-labeled 
probes using essentially the same methods devised for screening bac¬ 
teriophage A (Benton and Davis 1977) Transfer the bactenophage DNA to a 
nitrocellulose filter or nylon membrane as described in Chapter 2, pages 
2 109-2 111 

Note 

The bacteriophage Ml3 DNA transferred to the filter does not need to be 
denatured with alkali Instead, after removing the filter from the surface of 
the agar or agarose, allow it to dry (DNA side up) at room temperature Bake 
the filter under vacuum at 80°C for 2 hours and hybridize to ^^P-labeled 
probes as described m Chapter 2, pages 2 114-2.117 Double-stranded 
probes will hybridize to all recombinants irrespective of the orientation of the 
segment of foreign DNA within the vector, smgle-stranded probes will 
hybridize only to recombinants that cany complementary sequences attached 
to the (+) strand of viral DNA 


AwutMgsis of SmaU-scate Preparations of the XepUcattee Form 
of Bacteriophage MIS BNA 

1. Prepare double-stranded RF DNA from cultures infected with putative 
recombmants as descnbed on pages 4 26-4 28 As controls, prepare RF 
DNA from several nonrecombinants (picked from well-isolated blue 
plaques) 

2. Digest aliquots of the nonrecombmant and putative recombinant RF 
DNAs with appropriate restnction enzymes, and analyze the resultmg 
fragments by electrophoresis through an agarose gel (0 7-2 5%, depending 
on the expected sizes of the fragments) cast m 0 5 x TBE (see Appendix B) 
and containing ethidium bromide (0 5 fig/ ml). As controls, analyze 
aliquots of recombinant and nonrecombmant DNAs that have not been 
digested with restriction enzymes 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods descnbed in Appendix E 


Note 

If necessary, the presence of foreign DNA sequences can be confirmed by 
transferring the DNAs from the gel to a nitrocellulose filter or nylon mem¬ 
brane and hybridizing to an appropriate radiolabeled probe (see Chapter 9, 
pages 9.34-9 55) 


Single-stranded, Filamentous Bacteriophage Vectors 4»41 



Testing the Orientation ofDNA dotted in Bacteriophage MIS Vectors 

If the polycloning site in the vector has been cleaved with a single restnction 
enzyme and ligated to foreign DNA that has compatible termini, there is an 
opportunity for the foreign DNA to become inserted into the vector in either 
orientation. The (+) strand of the resulting recombinants may therefore 
contain complementary sequences of foreign DNA. There are two rapid ways 
to identify recombinants that csurry foreign sequences in opposite orienta¬ 
tions. (1) Screen the recombinant DNAs with single-stranded probes of 
known polarity (see Chapter 10 for methods to prepare probes) or (2) using 
the method below (Gardner et al. 1981, Howarth et al. 1981), test for the 
ability of the (-1-) strands of different recombinants to hybridize to one 
another 

1. Prepare stocks of putative recombinants from single plaques as described 
on page 4 25. As controls, prepare stocks of several nonrecombinants 
(picked from well-isolated blue plaques) 

2. Transfer 15 ml of the infected cell cultures to microfuge tubes, and 
centrifuge at 12,00C!g for 5 minutes at room temperature in a microfuge. 

3. Mix 20 fi\ of the supernatants of two different recombinants m fresh 
0 5-ml microfuge tubes Set up several tubes containing different recom¬ 
binants in pairwise combinations As controls, transfer 40 /il of the 
supernatants of one or two individual recombinants into separate tubes 
Store the remainders of the cultures at 4°C until needed. 

4. Add 2 /tl of 2% SDS to the tubes containing the samples of the superna¬ 
tants Mix by vortexing briefly, and incubate for 5 minutes at 65°C Add 4 
ju.1 of 0 5 M NaCl, mix well, and then continue the incubation for another 
hour at 65°C 

If evaporation is a problem during incubation at GS^C, cover the fluid in the microfuge 
tubes with a thin layer of paraffin oil 

5. Add 5 (i\ of gel-loading buffer (see Appendix B) to the aqueous phase, mix, 
and load each sample into a well of a 0 7% agarose gel cast in 0 5 x TBE 
(see Appendix B) and containing ethidium bromide (0 5 /Ag/ml) 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described in Appendix E 

6. After electrophoresis, examine the gel by ultraviolet hght and photograph 
the gel as described in Chapter 6, page 6.19 If the recombinants contam 
complementary sequences, they will hybndize to form figure-eight struc¬ 
tures that migrate more slowly through the gel than does single-stranded 
viral DNA 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes. To 
minimize exposure, make sure that the ultraviolet light source is 
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adequately shielded and wear protective goggles or a full safety mask that 
efficiently blocks ultraviolet light. 


Note 

This procedure can also be used to determine the sizes of fragments of foreign 
DNA cloned in bacteriophage Ml 3 (Aegerter and Trachsel 1987) After the 
annealing of bacteriophage DNAs contaming complementary sequences (step 
4), add 5 fx\ of 10 x nuclease-Sl buffer and 1 unit of nuclease SI. Incubate 
for 30 minutes at 37°C, and then analyze the samples by electrophoresis 
through an agarose gel (0 7-2 5%, depending on the expected sizes of the 
fragments) 


10 X Nuclease-Sl buffer 
2 M NaCl 

0.5 M sodium acetate (pH 4.5) 
10 HIM ZnS 04 
5% glycerol 


The size of the nuclease-Sl-resistant double-stranded DNA is a measure of 
the length of the complementary sequences carried in opposite orientations in 
the bacteriophage Ml 3 recombinants 


Single-stranded, Filamentous Bacteriophage Vectors 4.48 



Cloftlitu in Phmgemids 


In the phagemid system devised by Vieira and Messing (1987), foreign DNA 
IS cloned by conventional techniques into plasmids pUCllS and/or pUCll9 
and propagated as double-stranded DNA pUCllS and pUC119 are deriva¬ 
tives of pUC18 and pUC19 that contam a 476-bp fragment derived from the 
mtergenic region of wild-type bacteriophage M13 (from the HgiAl site at 
nucleotide 5465 to the Dral site at nucleotide 5941) inserted at the unique 
Ndel site of pUC18 and pUC19 (nucleotide 2499). Infection of cells carrying 
the phagemid with the helper virus M13K07 results m the production of 
bacteriophage particles contaimng single-stranded copies of the phagemid 
genome. The mtergenic region of the phagemid is oriented so that the 
progeny virus particles contain the ssime strand of the lac region as bac¬ 
teriophages of the mp series (Figure 4 6) 

M13K07 is a derivative of bacteriophage M13 that carries a mutated^ 
version of gene II (derived from M13mpl), a plasmid origin of replication 
(derived from pl5A [Selzer et al 1983]), and the kanamycm resistance gene 
from Tn903 ((Brindley and Joyce 1980) at the Aoal site (nucleotide 5825 of 
bacteriophage Ml3) (Figure 4.7) When M13K07 mfects cells carrying 
pUC118 or pUC119, the incoming single-stranded DNA is converted by 
cellular enzjmies to a double-stranded form that then uses the plasmid pl5A 
origin to replicate Because the accumulation of double-stranded M13K07 
DNA does not require viral gene products, there is little opportunity for the 
resident phagemids to interfere with the early stages of replication of the 
incoming bacteriophage genome. 

The pool of double-stranded M13K07 genomes expresses all of the proteins 
required to generate progeny single-stranded DNA However, the mutated 
gene II product encoded by M13K07 interacts less efficiently with the 
bacteriophage origin of replication earned on its own genome than with the 
origin cloned into pUCllS and pUC119 (Dotto and Zinder 1984b). This 
results in preferential production of ( + ) strands from the phagemid and 
ensures that the viral particles produced by the cell contain a preponderance 
of single-stranded DNA derived from the phagemid When M13K07 is grown 
in the absence of pUC118 and pUC119, the mutated gene II protein interacts 
well enough with the disrupted origin of replication to produce sufficient 
bacteriophage for use as an inoculum for the production of single-stranded 
phagemid DNA 


^There is a G->T transition at nucleotide 6125 in the sequence of bacteriophage M13 This results in a 
substitution of an isoleucine for a methionine at ammo acid 40 of the gene II protein (Dotto and Zmder 
1984b) 
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pUC118 / pUC119 

(3.2 kb) 
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FIGJUKE 4.6 

Phagemid vectors pUCllS and pUC119 The positions of the unique sites in the 476-bp intergemc 
region are shown Restriction sites in the remainder of the vector are the same as in pUClS and 
pUCl9 
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FIGVKE 4.7 

The genetic map of M13K07 (Vieira and Messing 1987) 
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GmttviH of MI3K.OT 

1. Grow a culture ofE. coli stram MV1184 (see Tables 4.1 and 4 2) in 2 x YT 
medium until the ODgoo reaches 0 8. 

2. Prepare a series of tenfold dilutions of M13K07 in 2 x YT medium, and 
plate out aliquots of the bacteriophage to obtain well-isolated plaques on a 
lawn of MV1184 cells as described on page 4 22 

Vieira and Messing (1987) suggest a more economical method in which a stock of 
M13K07 IS streaked onto the surface of a YT agar plate Top agar (4 ml in 2 x YT 
medium) contaimng 0 5 ml of the culture of MV1184 is then poured across the plate 
from the more dilute side of the streak to the more concentrated side Plaques appear 
after 8-10 hours of mcubation at 37°C 

3. Pick well-separated, smgle plaques and place each plaque in 2—3 ml of 
2 X YT medium containing kansimycin (70 /ig/ml) in a 15-ml culture tube. 
Incubate for 12—16 hours at 37°C with moderate agitation (250 cycles/ 
minute). 

4. Transfer the cells to a sterile microfuge tube, and centrifuge at 12,00Qg for 
2 minutes at 4°C in a microfuge Transfer the supernatant to a fresh 
microfuge tube and store at 4'’C Measure the titer of the bacteriophage 
stock by plaque formation on E coli strain JM109 (or emother strain of E 
coll that supports the growth of bacteriophage M13). 


Notes 

I During propagation of M13K07, there is selection for bacteriophage 
genomes that have lost the pl5A origin and the Tn903 transposon. It is 
therefore important not to pass the bacteriophage serially and to use for 
supennfection stocks of M13K07 derived directly from a smgle plaque 

II The titer of particles containing single-stranded plasmid DNA normally 
exceeds 10^^ per milliliter of bacterial culture 
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ProdMiction of Single-atrtmded Phagemid, DNA 

1 . Suspend a fresh bactenal colony containing pUCllS or pUCll9 or their 
derivatives in a sterile 15-ml culture tube containing 2-3 ml of 2 x YT 
medium Add M13K07 to a final concentration of 2 x 10^ pfu/ml. Incu¬ 
bate for 1.0—1.5 hours at 37°C with strong agitation (300 cycles/minute). 

The bactenal culture should be only slightly turbid at this stage If growth is too 
vigorous, dilute the culture with prewarmed 2x YT medium until the turbidity is only 
just visible 

2. Add kanamycin (25 mg/ml m HjO) to a final concentration of 70 /Ag/ml. 
Continue incubation for a further 14-18 hours at 37“C 

The yield of virus particles containing single-stranded copies of the plasmid can be 
measured by infecting MV1184 (see Table 4 1) cells with dilutions of the virus stock 
and then plating the infected cells on YT agar containing ampicillin (100 pg/ml) The 
number of ampicillin-resistant colonies that anse after 24 hours incubation at 37°C is 
a measure of the number of virus particles in the stock that contain single-stranded 
plasmid DNA (normally 2 x lo'* to 5 x 10“/ml) 

To obtain the maximum yield of bactenophage, the infected cultures should be 
well-aerated 

3. Prepare single-stranded bactenophage Ml 3 DNA as described on page 
4 29 


Note 

This method works well only with fresh bacterial colonies, i e , colonies that 

have been grown for 18 hours or less and have not been stored at 4°C Older 

colonies or colonies that have been stored at 4°C should be treated as follows 

1 Inoculate 2 ml of 2x YT medium containing ampicillin (100 p,g/ml) with a 
bacterial colony containing pUCllS or pUCll9 or recombinants derived 
from them 

2 Incubate at 37“C with strong agitation (300 cycles/mmute) until the 
culture reaches saturation 

if ' 

3 Dilute 20 of the saturated culture into 2 ml of 2x YT medium 
containing M13K07 at a concentration of 2 x 10® to 4 x 10® pfu/ml 

4 Incubate for 1 hour at 37°C with strong agitation ^ 

The bactenal culture should be only slightly turbid at this stage If growth is too 
vigorous, dilute the culture with prewarmed 2x YT medium until the turbidity is only 
just visible 

5. Proceed as described in steps 2 and 3 of the procedure above 
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Screening Colonies by Superinfeetion 

Several colonies can be screened simultaneously for their ability to yield 
single-stranded DNA after superinfeetion. 

1. Suspend a fresh bacterial colony containing pUCllS or pUCll9 or their 
derivatives in a sterile 15-ml culture tube containing 2-3 ml of 2 x YT 
medium Add M13K07 to a final concentration of 2 x lO’ pfu/ml Incu¬ 
bate for 4 0-4.5 hours at 37°C with strong agitation (300 cycles/mmute) 

2. Add kanamycin (25 mg/ml in H 2 O) to a final concentration of 70 fig/ml. 
Continue incubation for a further 14-18 hours at 37°C 

3. Centrifuge the culture at 12,OOQg for 2 minutes at room temperature 
Transfer the supernatant to a fresh tube 

4. With an automatic pipetting device equipped with a sterile tip, transfer 40 
/il of the supernatant into a fresh microfuge tube Store the remainder of 
the culture at 4°C until needed Add 2 )u.l of 2% SDS, mix by vortexmg 
bnefly, and incubate for 5 minutes at 65°C Add 5 /xl of gel-loading buffer 
(see Appendix B), mix, and load each sample into a well of a 0.7% agarose 
gel cast m 0 5 X TBE (see Appendix B) and containing ethidium bromide 
(0 5 /ig/ml) 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated using one of 
the methods described in Appendix E 

5. After electrophoresis, examine the gel by ultraviolet light and photograph. 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes To 
minimize exposure, make sure that the ultraviolet light source is 
adequately shielded and wear protective goggles or a full safety mask that 
efficiently blocks ultraviolet light 

6. Using the method described on page 4.29, isolate single-stranded DNA 
from the cultures that have produced the highest yield of bacteriophage 
particles 

Note 

In principle, it should be possible to produce bactenophage particles that 
contain single-stranded copies of plasmid DNA m a strain of male E coli 
carrying any plasmid with an appropriate M13 origin of replication. Unfortu¬ 
nately, however, the 3 neld of single-stranded DNA can be greatly affected by 
the structure and type of the plasmid earned in the cell (Vieira and Messing 
1987) For example, M13K07 is reported to produce very low yields of 
single-stranded DNA from cells carrying a plasmid denved from pBR322. 
Similarly, low yields have been obtained from cells carrying derivatives of 
pUC m which the intergenic region of bactenophage M13 has been inserted 
mto the polyclonmg site. Furthermore, although many sequences of foreign 
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DNA cloned into pUCllS or pUCll9 are copied efficiently into single- 
stranded DNA, others appear to suppress the yield of bacteriophage psirticles. 
Finally, Vieira and Messing (1987) point out that the yield of single-stranded 
plasmid DNA is affected by the bacterial strain used to propagate the 
plasmid. MV1184 (derived from JM83; see Table 4.1) and MV1190 (denved 
from JMlOl) produce satisfactory 3 delds, whereas MV1304 (denved from 
JM105) does not JM109 carrying pUC118 or pUC119 or plasmids derived 
from them undergoes significant lysis when infected by M13K07. Until the 
reasons for these effects are understood, we recommend using only E. coli 
strain MV1184 as a host to derive single-stranded copies of plasmids denved 
from pUCllS or pUC119 We also recommend carrying out a senes of pilot 
expenments to determine the 3 neld of smgle-stranded DNA from infected 
cells canying derivatives of pUCll8 or pUC119 into which portions of the 
sequences of mterest have been cloned in different onentations. 
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5 

Ewixyimes Used in 
Moieeuiar Cioniwtg 



The primeiry tools used by the molecular biologist m manipulating DNA are 
restriction enzymes and other DNA/RNA modifying enz 3 mes. Over the 
years, the number and uses of these enzymes have increased as new mole¬ 
cules have been discovered, our understanding of the details of the enzymatic 
reactions has improved, and many commercial manufacturers of products 
supporting molecular cloning have emerged to guarantee the widespread 
availability of these reagents With these advances, the task of molecular 
cloning has been both simplified and expanded in scope In this chapter, we 
descnbe many of the properties and uses of these important components in 
molecular clonmg procedures. 


5.2 Enzymes Used in Molecular Cloning 



MCestrictUtn and DNA MethyUMon Enssymes 


Restriction enzymes bind specifically to and cleave double-stranded DNA at 
specific sites within or adjacent to a particular sequence known as the 
recognition sequence These enzjnnes have been classified into three groups 
Tjqie I and type III enzymes (see Table 5 1) carry modification (methylation) 
and ATP-dependent restriction (cleavage) activities in the same protein. 
Type III enzymes cut the DNA at the recognition site and then dissociate 
from the substrate However, type I enzymes bind to the recognition 
sequence but cleave at random sites when the DNA loops back to the bound 
enzyme Neither type I nor type III restriction enzymes are widely used in 
molecular cloning 

Type II restriction/modification systems are binary systems consisting of a 
restriction endonuclease that cleaves a specific sequence of nucleotides and a 
separate methylase that modifies the same recognition sequence A large 
number of type II restriction enzymes have been isolated (see Roberts 1988 
and Table 51), many of which are routinely used m molecular clonii^ 

The vast majority of type II restriction enzymes recognize specific se¬ 
quences that are four, five, or six nucleotides in length and display twofold 
symmetry (A partial list of resmction enzymes ordered by the length of their 
recognition sequence is provided in Table 5 2) A few enzymes, however, 
recognize longer sequences or sequences that are degenerate The location of 
cleavage sites within the axis of dyad symmetry differs from enzyme to 
enzyme* Some cleave both strands exactly at the axis of symmetry, generat¬ 
ing fragments of DNA that carry blunt ends, others cleave each strand at 
similar locations on opposite sides of the axis of symmetry, creating frag¬ 
ments of DNA that carry protruding single-stranded termini. 
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re page 5 8 for table notes 



Notes (Table 5 1) 

Table supplied by R Roberts 

^Recognition sequences are given using the standard abbreviations (Nomenclature Committee of the 
International Union of Biochemistry [NC-IUB] 1985) to represent ambiguity R = G or A, Y = C or T, M = A 
or C, K= G or T, S= G or C, W = A or T, H = A or C or T, B = G or T or C, V= G or C or A, D = G or A or T, 
and N = A or C or G or T Wherever the cleavage site is known, it is indicated by i 
Consult the manufacturer’s instructions for optimal digestion conditions These conditions vary considerably 
from enzyme to enzyme and may vary between manufacturers for the same enzyme because of differing 
levels of purity (Y indicates yes) 

'Occasionally, isoschizomers cleave at a position within the recognition sequence that is different from that of 
the prototype enzyme Whenever this is the case, the commercially available isoschizomer and its complete 
recognition sequence are indicated on a separate line 

‘^When recognition sites contain sequences that could overlap with E coli dam or dcm sites, the effects of 
dam or dcm methylation are indicated (dam) Inhibited by dam methylation, (dcm) inhibited by dcm 
methylation, (-) insensitive to either methylation, (‘^) effects not documented 

‘’Only those enzymes that generate unique termini are considered Note, however, that many enzymes (e g, 
AccI) can give several different termini, some of which will be compatible with other restriction enz 3 me 
termini Usually, only the prototype is listed, i e , unless an isoschizomer cleaves at a different position 
within the recognition sequence If several isoschizomers give identical termini, then only the most common 
isoschizomer is listed 

*Many enzymes cleave at a distance from their recognition sequence, their sites of cleavage are indicated in 
parentheses For example, Hgal GACGC (5/10) indicates cleavage as shown below 

5'GACGCNNNNNi 3' 

3' CTGCGNNNNNNNNNNiS' 

In some of these cases, the actual site of cleavage varies slightly, depending on the specific sequence that lies 
between the recognition and cleavage sites This phenomenon has been noted informally by many inves¬ 
tigators, although no systematic study has yet been carried out 

®TaqII differs from other restriction enzymes in recognizing the two distinct sequences shown 
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TABLE 5.2 ParHul List ofBestrietion Ewuxymes Ordered hy Length of 
Beeognition Segucitce 

Enzyme Sequence Enzyme Sequence Enzyme Sequence Enzyme Sequence 



RGCY 

Mnl\ 

CCTC 

Alul 

AGCT 

BsuFl 

CCGG 

Hapll 

CCGG 

Hpall 

CCGG 

Mspl 

CCGG 

Accll 

CGCG 

BstVl 

CGCG 

BsuEl 

CGCG 

FnizDII 

CGCG 

Thai 

CGCG 

Dpnl 

G"‘®ATC 

NanW 

G'"®ATC 

NmuDl 

G^^ATC 

iVmi/EI 

G"®ATC 

Bce243I 

GATC 

BsaPI 

GATC 

Bsp67I 

GATC 

BspAl 

GATC 

BspPII 

GATC 

BsrPIl 

GATC 

BssGII 

GATC 

BstEin 

GATC 

Bstm 

GATC 

Cpa\ 

GATC 

CviPd 

GATC 

DpnW 

GATC 

FnuAll 

GATC 

FnuCl 

GATC 

FnuEl 

GATC 

Mbol 

GATC 

Mmell 

GATC 

AfnoIII 

GATC 

AfosI 

GATC 

Mthl 

GATC 

Ndell 

GATC 

Nfll 

GATC 

Mali 

GATC 

MiAI 

GATC 

Mu I 

GATC 

Pfal 

GATC 

Sou 3 AI 

GATC 

SinUl 

GATC 

Hhal 

GCGC 

HinPl 

GCGC 

Biu RI 

GGCC 


CuiQl 

GTAC 

Rsal 

GTAC 

Taql 

TCGA 

TthHBl 

TCGA 

ScrFl 

CCNGG 

Ddel 

CTNAG 

CviBl 

GANTC 

Hhall 

GANTC 

Hina 

GANTC 

C/rl3I 

GGNCC 

Bau96I 

GGNCC 

Ben I 

CeSGG 

Mil 

CeSGG 

AacI 

CCWGG 

Aorl 

CCWGG 

Ap^I 

CCWGG 

A^uBI 

CCWGG 

Atull 

CCWGG 

BmSI 

CCWGG 

Bs^GII 

CCWGG 

Bsmi 

CCWGG 

C/r5I 

CCWGG 

Cfrlll 

CCWGG 

Beall 

CCWGG 

Belli 

CCWGG 

EcoRll 

CCWGG 

Beo27I 

CCWGG 

Boo381 

CCWGG 

Mphl 

CCWGG 

Mval 

CCWGG 

Ta^XI 

CCWGG 

B6ul 

GCAGC 

Aeall 

GGWee 

Bme216l 

GGWee 

Bco47I 

GGWee 

SmI 

GGWee 

BcoPI 

AGACC 

M6oII 

GAAGA 

Hgal 

GACGC 

Sfam 

GCATC 

Binl 

GGATC 

Fokl 

GGATG 

Hphl 

GGTGA 

BspUl 

acctgc 


Aual 

CYCGRG 

Bspl286I 

GDGCHC 

AAall 

GRCGYC 

AosII 

GRCGYC 

Ban II 

GRGCYC 

H^iJII 

GRGCYC 

AccI 

GTMKAC 

Hindi 

GTYRAC 

HgiAl 

GWGCWC 

C/rlOI 

RCCGGY 

Mfll 

RGATCY 

Xholl 

RGATCY 

Haell 

RGCGCY 

Hgol 

RGCGCY 

Cfrl 

YGGCCR 

Eael 

YGGCCR 

Hindlll 

AAGCTT 

Mlul 

ACGCGT 

Spel 

ACTAGT 

Bglll 

AGATCT 

Stul 

AGGCCT 

Banin 

ATCGAT 

BspXI 

ATCGAT 

Clal 

ATCGAT 

C/r6I 

CAGCTG 

Pi>uII 

CAGCTG 

Ndel 

CATATG 

Ncol 

CCATGG 

C/r9I 

CCCGGG 

Smal 

CCCGGG 

Xmal 

CCCGGG 

Baell 

CCGCGG 

Pvul 

CGATCG 

Rshl 

CGATCG 

Xorll 

CGATCG 

Eagl 

CGGCCG 

Xmalll 

CGGCCG 

BsuUl 

CTCGAG 

PaeKn 

CTCGAG 

Xhol 

CTCGAG 

Pstl 

CTGCAG 

Sfll 

CTGCAG 

Bco RI 

GAATTC 

HsrI 

GAATTC 

Si,o47I 

GAATTC 

Sael 

GAGCTC 

Sstl 

GAGCTC 

BcoRV 

GATATC 


Sphl 

GCATGC 

Noel 

GCCGGC 

Nhel 

GCTAGC 

BamFl 

GGATCC 

BamUl 

GGATCC 

BamKI 

GGATCC 

BamNI 

GGATCC 

Bsd 

GGATCC 

BsdSOSl 

GGATCC 

Narl 

GGCGCC 

Apal 

GGGCCC 

Asp718I 

GGTACC 

Bpnl 

GGTACC 

Sail 

GTCGAC 

ApaLI 

GTGCAC 

Hpal 

GTTAAC 

Ace III 

TCCGGA 

Bsp Mil 

TCCGGA 

Mu I 

TCGCGA 

S6ol3I 

TCGCGA 

Xbal 

TCTAGA 

AtuCl 

TGATCA 

Bell 

TGATCA 

BstGl 

TGATCA 

Opel 

TGATCA 

Ball 

TGGCCA 

BstXl 

CCANJGG 

Mstll 

CCTNAGG 

Xmnl 

GAAN.TTC 

Bgll 

GCCN.GGC 

BstEll 

GGTNACC 

EcoK 

AACNgGTGC 

StySPl 

AACNgGTRC 

Bco Rl 24 

GAAN.RTCG 

BcoR124/3 

GAAN-RTCG 

EcoA 

GAGN,GTCA 

EcoDXXL 

TCAN-ATTC 

EcoB 

TGAN.TGCT 

S^y^SBI 

GAGN.RTAYG 

Cap I 

CGGWCCG 

H5rII 

CGGWCCG 

Noil 

GCGGCCGC 

Sfil 

GGCCN^GGCC 


Win 

^^oll 


GGCC 

GGCC 


Aqul 


CYCGRG 


- G or A. Y = C or T. M = A or C. K = G or T, S = G or C, W = A or T H ^ A «r ^ » ; « “^7 ^ ^ ^ 

= A or C or G or T, m^A = 6-methylademne (Reprinted, with permission from McClelland and Nelson 198b 
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UGATION OF TERMJm CREATED BT MtESTRICTION ENZYMES 
Computibie Cohesive Termini 

If the restnction enzyme cleaves each strand of the substrate DNA on the 5' 
side of the axis of dyad symmetry, the resulting staggered break yields 
fragments of DNA that carry protruding cohesive 5' termini For example, 
the enzyme EcoBl recognizes the sequence 

G A A T T C 
C T T A AG 

in double-stranded DNA and cleaves it as follows. 

i 

5'NNNNNGAATTCNNNNN3' 

a-NNNNNCTTAAGNNNNNs- 

t 

The hydrogen bonding of the four base pairs between the sites of cleavage is 
not favored under the conditions used for digestion. Therefore, the original 
segment of DNA separates into two fragments 

5'NNNNNG PAATTCNNNNN3' 

3-NNNNNCTTAAp GNNNNNs- 

If fragments bearing compatible protruding termini are incubated under 
conditions that favor the formation of base pairs, they can anneal with one 
another, and the cleaved phosphodiester bonds can then be resealed with a 
DNA ligase Because all DNA fragments created by cleavage with jEcoRI 
carry the same protruding 5' termini, they can be joined in novel combina¬ 
tions In fact, EcoRI was the first enzyme used to create recombinant DNA 
molecules (Cohen et al 1973) 

If the restnction enzyme cleaves each strand of the DNA on the 3' side of 
the axis of dyad sjmimetry, a staggered break is generated that jaelds 
fragments of DNA with protruding cohesive 3' termini For example, the 
restriction enzyme Pstl recognizes the sequence 

C T G C A G 
G A C G T C 

m double-stranded DNA and cleaves it as follows 

1 

5 NNNNNCTGCAGNNNNN3' 

3 NNNNNGACGTCNNNNNs- 


5'NNNNNCTGCA pGNNNNN3' 

3'NNNNNGp ACGTCNNNNNs- 

Any fragment carrying a protruding terminus generated by cleavage with 
PsN can be joined to any other fragment carrjdng the same terminus. 
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Blunt Ends 

Cleavage of both strands of DNA at the axis of dyad symmetry produces 
blunt-ended fragments For example, the enz 5 Tne /foe III recognizes the 
sequence 

GGCC 

CCGG 

in double-stranded DNA and cleaves it as follows. 

1 

S'NNNNNNGGCCNNNNNNS' 

3 'NNNNNNCCGGNNNNNN 5 ' 

I 

to yield fragments that carry blunt ends 

5'NNNNNNGG PCCNNNNNN3’ 

3 'NNNNNNCCp GGNNNNNN 5 . 

Blunt ends generated in this manner can be joined using bacteriophage T4 
DNA ligase, although the efficiency of the reaction is somewhat lower than 
for ligation of cohesive termini Nevertheless, joining of blunt-ended DNA 
molecules is extremely useful because of its universal application Blunt 
ends created by restriction enzymes such as Haelll can be joined not only to 
other blunt ends created by fifaelll or any other restriction enzyme, but also 
to termini created by the filling of recessed 3' termini or the removal of 
protruding 3' and 5' termini Blunt-end ligation can also be used to attach 
sjmthetic DNA linkers (contaming one or more restriction enzjmie cleavage 
sites) to the termini of DNA fragments 

Incompatible Cohesive Termini 

The joimng of DNA fragments with protruding 5' termini that ordinarily are 
not compatible (Hung and Wensink 1984) can be accomplished by partial 
filling of the recessed 3' termini m controlled reactions using the Klenow 
fragment of Escherichia coli DNA polymerase I In most cases, partial filling 
also eliminates the ability of compatible termini to pair with each other, thus 
reducing the frequency of self-joining catalyzed by bacteriophage T4 DNA 
ligase Hung and Wensink (1984) found that two nonidentical 5' cohesive 
termini can be partially filled and then joined efficiently if the resulting 
single-stranded protruding termini are (1) only one nucleotide in length and 
complementary, (2) two nucleotides in length and complementary or have a 
mismatch (e g, dA dC) at one position, or (3) three nucleotides m length and 
have a mismatch (eg, dTdC) in the central position 
An example of the strategy provided by Hung and Wensink (1984) is shown 
in Figure 5 1 The restriction enzymes X6al and Hin dill generate noncom¬ 
patible cohesive termini However, if the termini generated by each enzyme 
are partially filled with the appropnate two nucleotides, the resulting com¬ 
plementary cohesive termini can be joined efficiently by bacteriophage T4 
DNA ligase Because the partially filled termini can no longer be joined to 
themselves, there is no competing self-ligation reaction, and the altered 
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5'NNNNAAGCTTNNNN3' 

3-NNNNTTCGAANNNN5< 


Hmdl\t 


5'NNNNAp AGCTTNNNN3' 

S'NNNNTTCGA pANNNNs- 

Partially fill recessed 
termini with A and G 


5'NNNNAAGp AGCTTNNNN3' 

3'NNNNTTCGA pGAANNNNs- 
H/ndlll fragment 



Xba\ fragment 
5'NNNNTCTp CTAGANNNN3' 

3>NNNNAGATC pTCTNNNNs' 



Partially fill recessed 
termini with T and C 


S'NNNNTp CTAGANNNN3' 

3'NNNNAGATC pTNNNNs' 


Xba\ 


I 

5'NNNNTCTAGANNNN3' 

S'NNNNAGATCTNNNNs- 

1 

FIGVMtE S.I 

Ligation of incompatible termini after partial filling. See text for details 
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termini can therefore be ligated efficiently to one another. Hung and 
Wensink (1984) also noted that many restriction enzymes generate protrud¬ 
ing 5' cohesive termini whose first nucleotide is complementary to the fourth 
nucleotide and whose second nucleotide is complementary to the third 
nucleotide Ligation of mismatched, partially repaired termini allows as 
many as 70% of the combinations of termini created by different restriction 
enzymes to be joined. 

Two empirical approaches for determining whether any two protruding 5' 
termini can be ligated have been reported Hung and Wensink (1984) 
proposed a simple diagrammatic method in which the sequence of one 
protruding tetranucleotide 5' terminus is aligned above the other in opposite 
polanty If the terminal 5' nucleotides of each sequence are complementary, 
then three nucleotides can be added to the recessed termini, and the resulting 
partially repaired fragments can be ligated via the single remaining com¬ 
plementary nucleotide. If the two terminal 5' nucleotides of each sequence 
are complementary, then two nucleotides should be added to the recessed 
termini If the three terminal nucleotides are complementary, with the 
exception of the middle nucleotide, then one nucleotide should be added to 
the recessed termim An alternative method to determine the compatibility 
of partially filled cohesive termini is to use a cross-index of the tjqie recently 
published by Korch (1987) 

The inability of certain partially filled termini to self-ligate is useful in such 
applications as the construction of genomic DNA libraries Zabarovsky and 
Allikmets (1986) inserted genomic DNA partially digested with Sau 3A1 
(iGATC) into a bacteriophage A vector (EMBL3) that had been cleaved with 
Sail (GiTCGAC) The cohesive termini generated by Sa«3AI and Sail are 
not normally compatible, but partial repair of the two different tetranu¬ 
cleotide 5' extensions with two nucleotides generates complementary termim 
and destroys the ability of the original 5' termini to self-anneal. Thus, 
neither the vector nor the genomic DNA fragments can join to themselves, 
but they can ligate efficiently joined to one another. However, the resultmg 
hybrid joints often cannot be cleaved by any known restriction enzyme, and 
therefore the cloned fragments cannot be recovered from the vector. This 
problem can be overcome by cloning into vectors that carry polycloning sites 
or by choosing combinations of partially repaired termini that, upon ligation, 
generate a sequence recognized by a known restriction enzjme 
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ISOSCHIZOMERS 

In general, different restriction enzymes recognize different sequences (see 
Table 51). However, there are many examples of enzymes isolated from 
different sources that cleave within the same target sequences. These are 
known as isoschizomers. In addition, several enzymes have been discovered 
that recognize tetranucleotide sequences In some cases, these tetranu- 
cleotides occur within hexanucleotide target sequences of other enzymes For 
example, Mbol and Sau3AI recognize the sequence 

1 

5' G A TC 3' 

3- CTAG 5- 

I 

whereas Bom HI recogmzes 

i 

5' GG AT C C 3' 

3- CCTAGG 5' 

t 

In each case, however, an identical protruding tetranucleotide terminus is 
produced. Assuming that restriction enzyme cleavage sites are distributed 
randomly along the DNA, the tetranucleotide target for Mbol and Sau3AI 
will occur on the average of once every 4* (i.e , 256) nucleotides, whereas the 
hexanucleotide target for BomHI will occur once m every 4® (i e, 4096) 
nucleotides. DNA fragments generated by complete or partial digestion of 
eukaryotic DNA with Mbol and Son3AI can therefore be cloned or subcloned 
m a vector DNA (such as bactenophage A or pBR322) that has been cleaved 
with BamHI {Note Only 1 in every 16 Mbol/BamHl fusions regenerate a 
BamHI site, and therefore it is not usually possible to recover an Mbol 
fragment inserted into a BamHI vector by igesting the recombinant with 
BamHI) 

In a few cases, ligation of fragments generated by one restriction enzyme to 
those generated by a second enzyme results in hybrids that are recognized by 
neither of the parental enzymes For example, when fragments generated by 
Sail (GTCGAC) are ligated to fragments generated by Xhol (CTCGAG), the 
resulting hybrid target sites are cleaved by neither Sail nor Xhol 

Sa/I fragments Xhol fragments 

3 G TCGAG 3' 

+ 

3' CAGCT C 5- 


5' G TCGAG 3' 

3' CAGCTC 5- 
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DNA METHYLATION 

MethyiatUnt by Commonly Used Strains of E. coli 

Most strains of E coli contain two enzymes that methylate DNA—the dam 
methylase and the dcm methylase 

dam METHYLASE 

This enzyme introduces methyl groups at the N® position of adenine m the 
sequence 6' GATC 3' (Hattman et al. 1978) The recognition sites of several 
restriction enz 5 nnes iPvul, BamMl, Bell, Bglll, Xholl, Mbol, and SauSAl) 
contain this sequence, as do a proportion of the sites recognized by Clal (1 
site in 4), Xbal (1 site in 16), Taql (1 site in 16), M6oII (1 site in 16), emd 
Hphl (1 site in 16) (Table 5 1 indicates the sensitivity of certain restriction 
enz 3 anes to the dam methylase ) 

The inhibition of Mbol digestion of prokaryotic DNA presents no practical 
problem because the restriction enzyme Sau3AI recognizes exactly the same 
sequence as Mbol but is unaffected by dam methylation (Note. Mammalian 
DNA IS not methylated at the N® position of adenine, and therefore either 
JVfboI or SauBAl can be used effectively) However, when it is necessary to 
cleave prokaryotic DNA at every possible site with CZal, Xbal, Taql, Mboll, 
or Hphl or to cleave it at all with Bell, the DNA must be prepared from 
strains of E coli that are dam^ (Mannus 1973; Backman 1980, Roberts et al 
1980, McClelland 1981) 

dcm METHYLASE 

This enz 3 rme introduces methyl groups at the C* position of the internal 
cytosine in the sequence 5' CCAGG 3' or 5' CCTGG 3' (Mannus and Morns 
1973, May and Hattman 1975). One enzyme affected by dcm methylation is 
jBcoRII For most purposes, this problem can be avoided by using BsZNI, 
which recogmzes exactly the same sequence as JEcoRII (although it cuts the 
DNA at a different location within the sequence). If BsZNI cannot be 
substituted for £)co RII, the DNA must be prepared from strains ofE. coli that 
are dcm~ (Mannus 1973, Backman 1980; Roberts et al 1980) Certain other 
enzymes may partially overlap the modified dcm recognition sequence. 
(Table 5 1 indicates the sensitivity of certain restriction enzymes to the dcm 
methylase) 

METHYLATION-DEPENDENT RESTRICTION SYSTEMS IN E. coli 

E coll K contains at least three different methylation-dependent restriction 
systems that recognize different target sequences only when methylated, mrr 
(6-methyladenine [“®A]), mcrA (“®CG [“^C = 5-methylcytosine]), and mcrB 
(Pu”®C) (Raleigh and Wilson 1986, Heitman and Model 1987; Raleigh et al. 
1988). DNAs that are methylated at such sites are inefficiently cloned into 
strains of E coli (Whittaker et al 1988) For example, human 
DNA, which IS extensively methylated in vivo at "“^CG, is restricted by mcrA. 
Nonr’estricting strains of E coli (Raleigh and Wilson 1986; Raleigh et al. 
1988) are therefore preferred for transformation and cloning of methylated 
DNA. 
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ALEcoRI METHYLASE 
(E. coli) 

MJJcoRI methylase catalyzes the transfer of methyl groups from S-adenosyl- 
L-methionine (SAM) to the adenines marked * in the EcoUl recognition 
sequence 

* 

G A A T T C 

C T T A A G 

* 

The modification of adenine to 6-methylaminopunne protects the DNA from 
cleavage by JScoRI (Greene et al 1975) 

Moditic€iiion of Restriction Sites by DNA Methytation 

For many of the type II restriction enzymes, a corresponding methylase has 
been isolated that modifies the cognate recognition sequence and renders it 
resistant to cleavage. These methylases, a number of which are available 
from commercial suppliers, are useful in a number of tasks in molecular 
cloning For example, in the construction of genomic DNA libranes (Maniatis 
et al. 1978), random fragments of genomic DNA generated by partial cleavage 
with the restriction enzymes Alul and HacIII can be treated with MEcoRI 
methylase prior to the addition of synthetic £)coRI linkers When the linkers 
attached to genomic DNA are subsequently digested with ScoRI, the natural 
restriction sites within the genomic DNA are protected from cleavage The 
same strategy may be used to spare natural restriction sites when preparing 
double-stranded cDNA for cloning 

Methylases can also be used to alter the apparent cleavage specificity of 
certain restriction enzymes (Nelson et al. 1984, Nelson and Schildkraut 
1987) These alterations are accomplished m vitro by methylation of a subset 
of the sequences recognized by certain restriction enzymes Only the meth¬ 
ylated subsets will be resistant to cleavage. For example, the restriction 
enzyme FmcII recognizes the degenerate sequence GTPyPuAC and will 
therefore cleave the four sequences* 

GTCGAC 
G T C A A C 
G T T G A C 
G T T A A C 

The M.Taql methylase recognizes only the sequence TCGA and methylates 
the adenine residue (McClelland 1981) The subset of Hindi recognition 
sequences that contains the internal sequence TCGA will therefore be resis¬ 
tant to cleavage after methylation by M Taql, whereas the other three 
recognition sequences will remain sensitive to HmcII 
A second class of overlapping methylation and restriction sites occurs at 
the boundaries of the recognition sequences of a restriction enzyme and a 
methylase. For example, a BamBl site (GGATCC) that happens to be 
preceded by CC or followed by GG partially overlaps a site (CCGG) that can 
be methylated by the enzyme MMspI. Because M.MspI methylates the 5' 
cytosine of its recognition sequence (“^CCGG), the JBamHI site becomes 
methylated at an internal cytosine residue (GGAT”®CCGG) and, therefore, is 
resistant to cleavage by BamHl. 
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Another example is provided by Bgll and M Haelll. 



As in the cases of Hincll/M Taql and BamHI/MJWspI, the methylation 
blocks the cleavage of a previously existing restriction site. 

In a final example, certain adenine methylases can be used in conjunction 
with the methylation-dependent restriction enzyme Dpn\ to produce highly 
specific cleavages at sequences 8-12 bp in length (McClelland et al. 1984; 
McClelland and Nelson 1987; Weil and McClelland 1989) 


TCGATCGA 


AGCTAGCT 



site site 


M Taql methylase (*) 
on both sites 


* * 

TCGATCGA 

AGCTAGCT 

* I * I 

Dpn\ 

site 


This example differs from those above m that this strategy creates a site in 
DNA that otherwise would not be cleaved by Dpnl This general strategy of 
using specific methylases m conjunction with restriction enzymes has pro¬ 
duced over 60 new cleavage specificities and many more are possible (for 
references, see McClelland and Nelson 1988). 

Table 5 3 provides a compilation of the sensitivities of restriction enzymes 
to site-specific modifications commonly found in bacterial and eukaryotic 
DNAs and m viruses 

Several pairs of isoschizomers differ in their sensitivity to site-specific 
methylation (see Table 5 4) Such endonuclease pairs are useful for studying 
the level and distribution of site-specific methylation m cellular DNA, for 
example, "^CG in mammals, "’®C(i and “^CNG in plants, or G^^ATC in 
enterobacteria (Waalwijk and Flavell 1978; McClelland 1983; Bird et al 
1985) 

Sensitivity to site-specific DNA methylation is clearly not limited to restric¬ 
tion enzymes but is a property of DNA-bmdmg proteins in general (see 
Sternberg 1985; Wang et al 1986) ""^C, '"®C, **'"'’C, and ""^A site-specific 

modification at “noncanonical” sites will block several type II methylases 
The data are summarized in Table 5 5 
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TABLE Sm4^ Lsoschtzomer Pairs That Bitter ia Their Sensitivity to 
Sequence-specitic Stethytation 


Methylated sequence 

Isoschizomer pairs^ 

cut by 

not cut by 

T”'CCGGA 

Acciir 

BspMII 

TC"'“CGGA 

AccIII 

BspMII 

GGWC^’C 

Afll 

Aoall {Eco47I) 

TCCGG^-A 

BspUll 

AccIII 

C™“CWGG 

BsiNI {Mva\) 

B^coRII 

GGTAC”*C 

Kpnl 

Asp718I 

C'^CGG 

Mspl 

Hpall {HaplD 

C"'CGG 

Mspl 

Hpall 

G'^ATC 

Satt3AI {FnuEl) 

Mbol iNdell) 

TCGCG”’®A 

S6ol3I 

Nrul 

RG”*ATCY 

XhoW 

Mfll 

CC'"®CGGG 

Xmal (C/r9I) 

Smal 


In each row, the first column lists a methylated sequence, the second column lists an isoschizomer that cuts this sequence, 
and the third column lists an isoschizomer that does not cut this sequence For references, see McClelland and Nelson 
(1988) (Repnnted, with permission, from McClelland and Nelson 1988) 

*An enzyme is classified as insensitive to methylation if it cuts the methylated sequence at a rate that is at least one tenth 
the rate at which it cuts the unmethylated sequence An enzyme is classified as sensitive to methylation if it is inhibited 
at least 20-fold by methylation relative to the unmethylated sequence 

‘‘Sequences are in 5'-^ 3' order R = G or A, Y = C or T, W = A or T, "''‘C = 4-methylcytosine, "‘^C = 5-methylcvtosine and 
""^A = 6-methyIadenine 


TAnw.K 5.5 Met hylation Sensitivity ofTgpe HBNA Melhyloses _ 

Not blocked by prior Blocked by prior 

Methylase (specificity)* modification at modification at 


M^iiKAG^’CT) 
MBamHKGGAT^'CC) 
MC/reKCAG^'CTG) 
M Clal (ATCG"‘'AT) 

MCwBIII(TCG"’'’A) 
MJSeoRI(GA““’ATTC) 
MJEcoRII(C“*CWGG) 
E coh dam (G^^ATC) 

UFoklA(GG"‘’‘ATG) 

Mi¥AaI(G”‘®CGC) 

MH/iaII(G'"*ANTC) 

M//paII(C''”CGG) 

MHp*l(T"’‘CACC) 

MM6oI(G""’ATC) 

MAf6oII(GAAG"''A) 

MJI^spl ("’■'CCGG) 

MJ/yaKC^^CWGG) 

MRyuIKCAG^'CTG) 

MT2 dam (G^'ATC) 

MT4 dam (G”®ATC) 

M Taql (TCG'"'’A) 



AG^'^CT 

GG"’''ATCC 

GGATC"'*C 

CAG’"''CTG 

"'“ATCGAT 

AT^^CGAT 

T“'®CGA 

GAATT^^C 

G'"'’AATTC 

C"“CWGG 

GAT“”C' 

GAT''”'C 

CATC"‘'C 

GCG“"C 

GANT"“'C 

CAT“‘''CC 


“'CCGG 

GGTG""A 

GAT"'''C 

T"'°CTT'"'C 

C“‘^*CGG 

C"‘'CWGG 

CAG"‘CTG 

qAt'"”'c 

qAt‘"”»C 

T"“CGA 



(Repnnted with permission, from McClelland and Nelson 1988 ) For references, see McClelland and Nelson 11988) 
•Sequences are m 6' —3' order W=A or T. N = A or C or G or T. ”“C = 4-methylcytosine. “ C = S-methylcytosme. 
■“““C = 5 -hydroiwmethylcytosme. and "'“A = 6-methyladenine ... i * 

•■An enzyme is classified as insensitive to methylation if it methylates the methylated sequence at a rate that is at least 
one tenth the rate at which it methylates the unmethylated sequence An enzyme is classified as sensitive to methylation 
if It IS inhibited at least 20-fold by methylation relative to the unmethylated sequence 
‘E coh dam modifies GAT“'C at a reduced rate 
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IwMnenee of MethytuUon on DNA Mapping 

Mammalian DNA contains residues in addition to the four normal bases 
These residues are found primarily at the 5' side of G residues. Although 
only a portion of CpG doublets are methylated, the pattern of methylation is 
highly cell-type specific (Bird and Southern 1978), any given CpG doublet is 
methylated in the majority of cells of a given population or in only a few of 
them 

Nearly all restriction enzymes used for long-range mapping of mammalian 
chromosomal DNA recognize sequences that contain CpG Because this 
dinucleotide occurs approximately fivefold less frequently in mammalian 
DNA than expected (Normore 1976, Setlow 1976; Shapiro 1976), restriction 
enzyme recognition sites that contain the CpG dmucleotide are extremely 
rare (Lindsay and Bird 1987; McClelland and Nelson 1987). Furthermore, 
most of these dinucleotides are methylated, and almost all enzymes with CpG 
m the recognition sequence fail to cleave ’”®CpG-methylated DNA (Nelson 
and McClelland 1987); for example, BspMll, Clal, Cspl, Eagl, Mini, Nael, 
Narl, Notl, Nrul, Pvul, Rsrll, Sail, Xhol, and Xorll are all sensitive to 
“^CpG methylation Finally, methylation of CpG dinucleotides in prepara¬ 
tions of mammalian DNA is rarely complete This variability in methylation 
of sites that are recognized by rarely cutting restriction enzymes can be a 
serious problem in mapping of mammalian DNAs by pulsed-field gel elec¬ 
trophoresis Among the known restriction enzymes suitable for generating 
very large fragments of mammalian DNA, onlyAccIII, AsuII, Cfrdl, Sfil, and 
Xmal can cleave DNA modified at “^CpG doublets Propagation of mam¬ 
malian DNAs m E coli will free CpG dinucleotides from methylation. The 
pattern of cleavage of the same segment of mammalian genomic DNA will 
therefore differ in cloned and uncloned preparations 

The CpG dmucleotide is not as rare m many other species as it is in 
mammalian DNA, and it is not methylated in Drosophila and Caenorhabditis 
DNA Thus, the fragments produced by digestion of these DNAs with rarely 
cutting restriction enzymes are less than half the size of those produced from 
mammalian DNA (see Table 5 6) 

Enz5Tnes that are not sensitive to certain site-specific methylations are 
particularly useful for achieving complete digestion of modified DNA For 
procedures such as the physical mapping of heavily methylated plant DNA, it 
IS desirable to choose restriction enz3nmes that are insensitive to “^CG and 
"’'^CNG Examples of such enzymes are Bell, BstEll, BstNl, CuiQI, EcoRV, 
Hindi, Hpal, Kpnl, Mboll, Ndel, Ndell, Rsal, Spel, Sphl, Taql, TthUBl, 
and Xmnl Asel, Dral, Msel, and SspI have recognition sequences that do 
not contain cytosine, so they can be used to cleave heavily cytosine-methy¬ 
lated DNA. 
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TABLE 5.6 Average Frogmen* Sines of Mammalian BNA Produced 
by Cleavage with Rare CwMing Restriction Ewuegmes 


Approximate Approximate 


Enzyme 

Recognition 

sequence 

average 
fragment size 
(bp) 

Enzyme 

Recognition 

sequence 

average 
fragment size 
(bp) 

Notl 

GCGGCCGC 

1 ,000,000- 

EagI 

CGGCCG 

100,000 



1,500,000 

Smal 

CCCGGG 

100,000 

Mlul 

ACGCGT 

500,000 

Sail 

GTCGAC 

100,000 

Nrul 

TCGCGA 

500,000 

Aatll 

GACGTC 

100,000 

Pvul 

CGATCG 

300,000 

Xhol 

CTCGAG 

100,000 

Rsrll 

CGGWCCG 

200,000 

SnaBI 

TACGTA 

100,000 

Sfil 

GGCCN 5 GGCC 

200,000 

FspI 

TGCGCA 

100,000 

SacII 

CCGCGG 

100,000 

Clal 

ATCGAT 

100,000 

BssHII 

GCGCGC 

100,000 

Asull 

TTCGAA 

100,000 


These average fragment sizes are the best expenmentally determined estimates available and are taken from 
the data of Brown and Bird (1986), Lindsay and Bird (1987), McClelland and Nelson (1987), and M 
McClelland (pers comm) 
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DIGESTING DNA WITH RESTBICTION ENZYMES 


Different manufacturers of restriction enzjnnes recommend significantly dif¬ 
ferent digestion conditions, even for the same restriction enzyme. Because 
most manufacturers have optimized the reaction conditions for their particu¬ 
lar preparations, we recommend following the instructions on the information 
sheets supplied with the enzjmies. Some manufacturers also supply concen¬ 
trated buffers that have been tested for efficacy with each batch of punfied 
enzyme. These buffers should be used whenever possible 
Buffers for different restnction enzymes differ chiefly m the concentration 
of NaCl that they contain When DNA is to be cleaved with two or more 
restriction enzymes, the digestions can be carried out simultaneously if both 
enzymes work well in the same buffer If the enzymes have different 
requirements, two alternatives are possible- (1) The DNA should be digested 
first with the enzyme that works best in the buffer of lower ionic strength 
The appropriate amount of NaCl and the second enzyme can then be added 
and the incubation continued. (2) A single buffer (potassium glutaimate 
buffer [KGB]) can be used in which virtually all restriction enzymes work 
(Hanish and McClelland 1988; McClelland et al 1988) The dilutions of this 
buffer that are used to obtain maximal enzyme activity of various restriction 
enzymes are given in Table 5.7 
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TAnw.V. S.7 JMMutlons of KGB and Levels ofJEnacyme AetivUy Betatiee to Those 
in Manufacturer’s Buffer 


Enzyme 

0.5 X 

lx 

1.6 X 

2x 

Aatll 

+ + + 

+ + + 

444 

44 

Accl 

+ + + 

-f+ + 

444 

4 4 

Ahall 

- 

+ + 

4 

+ 

Alul 

+ + 

+ + + 

44 

4 

ApalA 

+ + + 

+ 

— 

— 

Aval 

+ + 

+ -H 

44 

4 

Avail 


+ + + 

44 

— 

Avrll 

+ + + 

+ + + 

444 

44 

Ball 

+ + 

+ + 

444 

4 4 4 

BamUl 

+ + + 

+ + + 

44 

44 

Banl 

+ + + 

+ + + 

444 

44 

Banll 

+ -h 

+ + + 

444 

44 

Bbvl 

+ + + 

+ + + 

4 4 4 

44 

Bell 


+ + + 

4 

— 

Bgll 

+ + + + 

+ + + + 

4 4 4 4 

444 

Bglll 

+ + 

+ + + 

44 

4 

Bsp 12861 

+ 

+ 

4 

4 

BspMII 

+ 

4--I- 

444 

444 

BssHII 

+ + + 

+ 4* + 

44 

4 

SstEII 

+ + + 

+ + + 

444 

444 

Bstm 

+ + 

+ 4 

44 

4 

BstXL 

+ + + 

444 

44 

4 

Clal 

+ + 

444 

44 

44 

Ddel 

+ + 

444 

444 

444 

Dpnl 


44 

44 

44 

Oral 

+ + + 

444 

4 

4 

Eael 

■f+ + 

444 

44 

4 

Eagl 

- 

4 

44 

444 

EcoOmi 

+ + 

4 4 4 

4 

4 

EcoBl 

+ + + 

444 

4 44 

444 

EcoRY 

+ + 

4 4 4 

4 4 4 

4 4 4 

FnuUll 


44 

4 

4 

Fnu4HI 


44 

4 4 

4 

Fokl 

+ + + 

444 

4 


Fspl 

+ + + 

444 

4 4 4 

4 

Haell 

-f + + 

4 44 

44 

4 

Haelll 

++ + 

444 

44 

44 

Hgal 

HgiM 

+ + + 

4 4 4 

4 

44 

44 

4 

444 

Hhal 

+ + 

444 

4 4 

4 

Hindi 

+ + + + 

44 44 

4 4 44 

444 

FmdIII 

+ + + 

444 

444 

444 

HinB. 

+ + 

444 

44 

4 

Hpal 

+ + 

444 

44 

4 

Hpall 

+ + + 

4 

4 

4 

Hphl 

+ + 

4 4 4 

4 


Kpnl 

+ + + 

4 4 



Mbol 

+ + 

4 4 4 

444 

4444 

Mboll 

+ + 

444 

444 

44 

Mlul 

+ + + 

444 

4444 

4444 

Mspl 

+ + 

4 

4 

— 

Mstll 

+ + + 

444 

44 

4 

Narl 

+ + 

4 

— 


Ncil 

+ + + 

444 

44 

4 


(continued) 
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TABIiE Sm7 (continued) 


Enzyme 

0.5 X 

lx 

1.5 X 

2x 

Nco\ 

+■ + 

+++ 

+ + + 

+ + + 

Ndel 

+ + 

+ + + 

+ + 

+ 

Nhel 

+ + + 

+ + + 

+ + + 

+ + 

NlaTSf 

+ + + + 

++++ 

+ + + 

+ + 

Notl 

+ + 

+ + 

+ + 

+ + 

Nrul 


+++ 

+ + H- 

+ + + 

Nsil 


+ 


+ + + 

PfiMl 

+ + 

+ + + 

+ + + + 

+ + + 

Pstl 

+ + + 

+ + + 

+ + + 

+ + + 

Pvul 

+ + 

+++ 

+ + 

+ + + 

PvuU 

+ + + 

+ + + 

H- + 

+ 

Rsal 

+ + + 

+++ 

+ + 

+ 

Rsrll 

+ + + 


— 

- 

Sacl 

+ + + 

+ + + 

+ 

— 

Sacll 

+ + + 

+ + 

+ + 

+ 

Sail 

- 

+ 

+ + + 

+ + + 

SauSAl 

+ + 

-f- + + 

+ H- + 

+ + + + 

Sau 961 

+ + + 

+ + + 

+ -f 

+ 

Seal 

+ 

+ + + 

+ + 

+ + 

SerFI 

+ 

+ + 

+ + 


SfaNl 

- 

+ 

+ + 

+ + + 

Sfil 

+ + + 

+ + + 

+ + 

+ 

Smal 

-h + + 

+ + + 

+ + + 

+ + 

SnaBl 

+ + + 

+ + 

+ 


Sspl 

+ + 


+ + + 

+ + 

Stul 

+ 

+ + 

+ + + 

+ + + 

Styl 

+ + 

+ + 

+ 

+ 

Taql 

+ + 

+ + + 

+ + + 

+ 

Xbal 

+ + + 

+ + + 

+ + “l- 


Xkol 


-f+ + 

+ + + 

+ 

Xmnl 

+ + + 

+ + + 

- 

- 

Bacteriophage T4 DNA 

polymerase 

+ + 

+ + 

+ + + 

+ + + 

E coll DNA polymerase I 


+ + 

+ + + 

+ + + 

Klenow fragment of jE coli 

DNA pol 3 nnerase I 

+ + 

-+- + + 

+ + + 

+ + + 

Bacteriophage T4 DNA 

hgase (1 mM ATP) 

+ + + 

+ + 


+ 

Reverse transcriptase 

+ + 

+ + 

+ + 

+ + 


(-)- + + + ) Activity greater than the activity observed m buffer recommended by the manufacturer, {+ + +) 
activity approximately equal to the activity observed in buffer recommended by the manufacturer, ( + + ) 
activity approximately 50-80% of that observed in buffer recommended by the manufacturer, ( + ) activity 
approximately 20-50% of that observed m buffer recommended by the manufacturer, (-) activity less than 
10 % of that observed in buffer recommended by the manufacturer Bacteriophage T4 DNA pol 3 nnerase and 
the Klenow fragment of E coli DNA polymerase I both work well in 1 5x and 2x KGB Bacteriophage T4 
DNA hgase works well m 0 5x KGB (Modified from McClelland et al 1988 ) 
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Setiing Up HigesMAoma wvith Restriction Enxymes 

The following procedure is for a tsTiical reaction containing 0.2-1 ng of DNA. 

For digestion of larger amounts of DNA, the reaction should be scaled 

appropriately. 

1. Place the DNA solution in a stenle microfuge tube and mix with sufficient 
water to give a volume of 18 pci 

2 . Add 2 pci of the appropriate 10 x restriction enz 3 nne digestion buffer (2 x 
KGB may also be used if the solution volumes are adjusted appropriately.) 
Mix by tapping the tube. 

2 x KGB 

200 mM potassium glutamate 
50 mM Tris-acetate (pH 7.5) 

20 mM magnesium acetate 

100 pcg/ml bovine serum albumin (Fraction V; Sigma) 

1 mM /3-mercaptoethanol 

3. Add 1-2 units of restriction enzyme, and mix by tapping the tube. 

One unit of enzyme is usually defined as the amount required to digest 1 ju.g of DNA to 
completion in 1 hour in the recommended buffer and at the recommended tempera¬ 
ture in a 20 -/a 1 reaction In general, digestion for longer periods of time or with excess 
enzyme does not cause problems unless there is contamination with DNAase or 
exonuclease Such contamination is rare in commercial preparations of restriction 
enzymes 

4 . Incubate the mixture at the appropnate temperature for the required 
period of time 

5. Stop the reaction by adding 0 5 m EDTA (pH 8 0) to a final concentration 
of 10 mM 

6 . If the DNA is to be analyzed directly on a gel, add 6 pel of gel-loading buffer 
(see Appendix B), mix by vortexing briefly, and load the digest into the gel 
slot 

If the volume of the restriction enzyme reaction is too large to fit into the slot of a gel, 
the DNA may be concentrated by the following simple procedure After the reaction 
has been stopped by the addition of EDTA, add 0 6 volume of 5 M ammonium acetate 
and 2 volumes of ethanol Store the tube on ice for 5 minutes, and then centrifuge at 
12,00Qg for 5 minutes at 4°C m a microfuge Discard the supernatant, which contains 
most of the protem Allow the pellet to dry at room temperature Dissolve the DNA 
in the appropnate volume of TE (pH 7 6) 

If the digested DNA is to be purified, extract once with phenol chlo¬ 
roform and once with chloroform, and precipitate the DNA with ethanol (see 
Appendix E). 
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Notes 

Restriction enzymes are expensive! Costs can be kept to a minimum by 
following the advice given below. 

• Many restriction enz 3 mies are supplied by the manufacturer in concen¬ 
trated form. Often, 1 fxl of many enzyme preparations is sufficient to digest 
10 fig of DNA in 1 hour To remove small quantities of enzyme from the 
container, briefly touch the surface of the fluid with the end of a disposable 
pipette tip. In this way, it is possible to remove as little as 0 1 )u,l of the 
enzyme preparation Alternatively, a small piece of narrow-bore plastic 
tubing (1 cm m length) can be attached to a l-ju,l Hamilton syringe and used 
to transfer a 0.1 -)ll 1 volume The plastic tubing is discarded after each 
sample is pipetted 

Concentrated solutions of restriction enzymes may be diluted immediate¬ 
ly before use mix restriction enz 3 rme buffer Never dilute an enz 5 Tne in 
water, since it may denature 

• Restriction enzymes are stable when they are stored at — 20°C in a buffer 
containing 50% glycerol. When carrying out restriction enzyme digestions, 
prepare the reactions to the point where all reagents'except the enzyme 
have been mixed Take the enzyme from the freezer, and immediately place 
it on ice Use a fresh, sterile pipette every time you dispense enzyme. 
Contamination of an enzyme with DNA or another enzyme can be costly 
and can create time-consuming problems Work as quickly as possible, so 
that the enz 5 mae is out of the freezer for as short a period of time as 
possible. Return the enzyme to the freezer immediately after use. 

• Keep reaction volumes to a minimum by reducing the amount of water in 
the reaction as much as possible However, make sure that the restnction 
enzyme contributes less than 0 1 volume of the final reaction mixture, 
otherwise, the enzyme activity may be inhibited by glycerol 

• Often, the amount of enzyme can be reduced if the digestion time is 
increased This can result in considerable savings when large quantities of 
DNA are cleaved Small aliquots can be removed during the course of the 
reaction and analyzed on a minigel to monitor the progress of the digestion 

• When digesting many DNA samples with the same enzyme, calculate the 
total amount of enz 5 me (plus a small excess to allow for the losses involved 
in transferring several aliquots) that is needed Remove the calculated 
amount of enzyme solution from the stock, and mix it with the appropriate 
volume of 1 X restriction enzyme buffer Dispense aliquots of the enzyme/ 
buffer mixture into the reaction mixtures 
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Other Ewiasymes Used in Moleeutnr Ctoning 


Many enzymes other than restriction endonucleases are used routinely in 
molecular cloning Their properties, enzymatic activities, and, m some cases, 
reaction conditions are given on the following pages The preparations 
supplied by commercial manufacturers are of generally excellent quality. 
However, maximum activity can only be obtained when precautions are taken 
to stabilize the enzyme in the reaction mixture and when adequate concen¬ 
trations of substrate{s) are supplied. 

• Never use an enzyme in a reaction containing <01 mg/ml protein because 
proteins rapidly denature in dilute solutions Bovine serum albumin 
(Fraction V; Sigma) is a good source of neutral protein to add to enz 3 me 
reactions. It should be used at a final concentration of 0 1 mg/ml 

• Enz 3 me reactions work efficiently only when adequate amounts of sub¬ 
strate are present. Always try to work near the (the concentration of 
substrate that gives half-maximal activity). When using radioactively 
labeled substrates, calculate the concentration of substrate in the reaction 
from the specific activity provided by the manufacturer If necessary, 
adjust the concentration of substrate (radioactive plus nonradioactive) until 
it approaches the of the enzjme 

• Enzjmes have specific pH, temperature, and ionic requirements Always 
try to use the optimal reaction conditions 
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DKA POLTMIEMtASES 


Many steps in molecular clomng involve the synthesis of DNA in in vitro 
reactions catalyzed by DNA polymerases Most of these enzymes require a 
template and synthesize a product whose sequence is complementary to that 
of the template Most polymerases strongly prefer DNA templates, but they 
will also copy UNA, albeit at lower efficiencies The most frequently used 
DNA-dependent DNA polymerases are E coli DNA polymerase I (holoen- 
zyme), the large fragment of E cob DNA polymerase I (Klenow fragment), 
the DNA pol 5 nTierases encoded by bactenophages T4 and T7, modified bac¬ 
teriophage T7 DNA polymerases (Sequenase’^'^' and Sequenase version 2 0), 
and thermostable DNA polymerases (Tag DNA polymerase and AmpliTaq^^) 
One polymerase, called reverse transcriptase (RNA-dependent DNA polymer¬ 
ase), prefers to copy RNA; it will also accept DNA templates and can 
therefore be used to synthesize double-stranded DNA copies of RNA tem¬ 
plates Finally, there is one DNA pol 5 Tnerase that does not copy a template 
at all but adds nucleotides only to the termini of existing DNA molecules. 
This DNA poljmerase is called terminal transferase (terminal deox 5 mu- 
cleotidyl transferase) 

The properties of the template-dependent polymerases are summarized in 
Table 5 8 and described in greater detail m the following pages The data in 
Table 5 8 have been collected from numerous papers published over the last 
20 years The values serve as accurate guidelines for using the enzymes, but 
optimal conditions will always vary slightly with the enzyme preparation 
(degree of purity) and the DNA preparation or when carrying out a sequence 
of enzymatic reactions in one mixture 

Note For a discussion of the relative advantages of vanous DNA polymerases m 
sequencing reactions, see Chapter 13 


Notes (Table 5 8) 

Table 5 8 is modified from Komberg and Komberg (1974) and Lehman (1981) 

“Sequenase™ is a derivative of bactenophage T7DNA polymerase that has been modified by chemical 
treatment (Sequenase) or by genetic engineering (Sequenase version 2 0) to suppress the 3'-» 5' exonuclease 
activity that is a potent component of wild-type bacteriophage T7 DNA polymerase Consequently, neither 
version of Sequenase can be used in exchange reactions 

‘’AmpliTaq''“ and Tag DNA pol 3 mierase have a polymerization-dependent 5'->^3' exonuclease activity 

“n 1 indicates no information available 

‘‘Greater activity in the presence of Mn*^ * instead of Mg'' 

“Mn"^ may substitute for Mg", although rates are lower and the specificity of the polymerases may be 
changed. 
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DNA Polytnerase I (Hoioenxyme) 

(E. coli) 

DNA polymerase I consists of a single polypeptide cham CM, = 109,000) that 
can function as a 5'-»3' DNA polymerase, a 5'—>3' exonuclease, and a 
3'->5' exonuclease (Kelley and Stump 1979) and that has an inherent 
RNAase H activity. The RNAase H activity is essential for cell viability in E 
coll but has not been used in molecular cloning. 


USES 


1. Labelmg of DNA by nick translation (see Figure 5.2) Of all the polymer¬ 
ases, only E. coll DNA polymerase I can carry out this reaction, since it 
alone has a 5'—>3' exonuclease activity that can remove nucleotides from 
the DNA strand ahead of the advancing enzyme 

2 The holoenzyme was originally used for synthesis of the second strand of 
cDNA m cDNA cloning (Efstratiadis et al 1976), but it has since been 
superseded by reverse transcriptase and/or the Klenow fragment oiE coli 
DNA polymerase I, which do not have 5'->3' exonuclease activities The 
5'^3' exonuclease ofE coli DNA polymerase I degrades oligonucleotides 
that may serve as primers for the synthesis of the second strand of cDNA 

3 End-labeling of DNA molecules with protruding 3' tails This reaction 
works m two stages First, the 3'-»5' exonuclease activity removes 
protruding 3' tails from the DNA and creates a recessed 3' terminus 
Then, m the presence of high concentrations of one radiolabeled precursor, 
exonucleolytic degradation is balanced by incorporation of dNTPs at the 3' 
terminus. This reaction, which consists of cycles of removal and replace¬ 
ment of the 3'-terminal nucleotides from recessed or blunt-ended DNA, is 
sometimes called an exchange or replacement reaction If you plan to use 
this type of reaction for end-labeling, bacteriophage T4 DNA polymerase is 
the enzyme of choice Although both E cob DNA polymerase I and 
bacteriophage T4 DNA polymerase can carry out this type of reaction, the 
bacteriophage enzyme carries a more potent 3'—»5' exonuclease activity. 

In many cases, a single buffer can be used both for cleavage of DNA with 
a restriction enzyme and for the subsequent end-labeling However, not 
all restriction enzymes work in buffers used for DNA polymerase reac¬ 
tions, and it is advisable to carry out pilot reactions with the particular 
batch of enzyme on hand If the restriction enzyme will not work in the 
DNA polymerase buffer, it is necessary to carry out the restriction enzyme 
digestion and end-labeling m two separate steps In this case, cleave the 
DNA in the appropnate restriction enzyme buffer, remove the restriction 
enzyme by extraction with phenol:chloroform, precipitate the DNA with 
ethanol, redissolve it in TE, and add the appropriate volume of a 10 x 
DNA pol 3 rmerase buffer 
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5' 

3' 


3' 

5' 


double>stranded DNA 




DNAase I 


5' 


3' 5 


3' 


3' 


5' 


dATP 

dCTP E coh DNA polymerase I 

dGTP (holoenzyme) 

dTTP „ 

5 
3' 


AAAAAAAy^- 3 

- 5 


5 ' -^AAAAAAAAAAAAAAA/> 3 

3' - 5 

FIGVKE 

Nick translation by E coh DNA polymerase I Double-stranded DNA is treated with 
limiting amounts of DNAase I in the presence of magnesium ions The resulting 
nicks serve as primers for DNA synthesis catalyzed by E coh DNA polymerase I 
(holoenzyme) Dunng synthesis, dNTP precursors are incorporated into the growing 
chain of DNA and the nick is translated along the DNA m a direction by 

virtue of the exonuclease activity earned by the holoenzyme If radioactive 

precursors are supplied to the enzyme, the resulting product is radiolabeled and can 
be used as a hybridization probe (see Chapter 10) 
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E. coli DMA Polymerase I (Holoenzyme) 


Activity: 5'-»3' DNA polymerase 

Substrate; Single-stranded DNA template with a DNA primer bearing a 3'-hydroxyl group 


Reaction: 


DNAqh 


E. coli 

DNA polymerase I 


Mg*^ 

dATR dTTR dGTR dCTP 


DNA-(pdN)n -I- nPP, 


For example' 

pCpCpGoH^' 

3' Gp Gp Gp Tp Ap Tp Cp Gp Ap . g/ 

E coll 

DNA polymerase I 

® pG pC pG pA pT pA pG pC pT ^ 

3' Gp Gp Gp Tp Ap Tp Cp Gp Ap 5- 


Mg*'* 
dATR dTTR 
dGTR dCTP 


Activity: 5'-*3' Exonuclease 

Substrate: Double-stranded DNA or RNA DNA hybrids Degrades double-stranded DNA from the 

5' termini, also degrades the RNA component of an RNA DNA hybrid (1 e, this nuclease 
possesses inherent RNAase H activity) 


Reaction: 


double-stranded DNA 


E coll 

DNA polymerase I 


Mg^* 


®'pN0H + ®'pN(pN)npNoH 
+ Single-Stranded DNA 


For example' 


‘pCpGpCpApTpCpT 3- 


3' Gp Gp Gp Cp Gp Tp Ap Gp Ap 


5' 


Mg* 


E coll 

DNA polymerase I 


'■ pCpApTpOpT. 3' 
3" ®p ^p ®p Ap . 5' 
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£. coli DNA Polymerase I (Holoenzyme) 


Activity: Exonuclease 

Substrate: Double-stranded or smgle-stranded DNA containing 3'-hydroxyl termini Degrades DNA 
from 3'-hydroxyl termini Exonuclease activity on double-stranded DNA is blocked by 
5'->3' DNA polymerase activity and is inhibited by dNMPs with 5' phosphates 


Reaction: 


double- or singie-stranded DNA 


E colt 

DNA polymerase I 


Mg- 


5' M 


OH 


for exampie: 

5' 


0 G C nA rtT rkC r%T ^ 
p^ p'^ p'-' p*^ p ' p p 


3' ®p^p®p5 

Mg" 

pCpGpCoH®' 
3' GpGpGpS' 

+ 5'pA + 5'pC + 5’pT 


E coh 

DNA polymerase I 


Activity: Exchange (replacement) reaction 

Substrate: If only one dNTP is present, the 3' -+5' exonuclease activity will degrade double-stranded 
DNA from the 3'-hydroxyl terminus until a base is exposed that is complementary to the 
dNTP A continuous series of synthesis and exchange reactions will then occur at that 
position 


Reaction. 


® pG pG pT pC pG pC OH ^ 

3' Gp Cp Ap Gp Cp Gp 5' 


Mg** 

[a-32p]ciTTP 


5' 


pG pG p ^ 


Gp Cp Ap Gp Cp Gp 5' 

I 

pG pG pT OH ® 

31 Gp Cp Ap Gp Cp Gp 5' 


3' 


5' 




E colt 

DNA polymerase I 


Exonuclease 

Activity 


DNA Polymerase 
Activity 
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Large Fragment of DNA Potgmerase I (KMenouf Fragment) 

(E. coli) 

The 5' -» 3' exonuclease activity of E. cob DNA polymerase I is often trouble¬ 
some because it degrades the 5' terminus of primers that are bound to DNA 
templates and removes 5' phosphates from the termini of DNA fragments 
that are to be used as substrates for ligation. The 5' 3' exonuclease activity 

can be removed proteolytically from the holoenzyme without affecting either 
the polymerase activity or the 3'-^ 5' exonuclease activity (Klenow and 
Henmngsen 1970) The Klenow fragment of E cob DNA polymerase I that is 
available today from commercial sources consists of a single polypeptide 
chain {M^ = 76,000) produced by cleavage of intact DNA polymerase I with 
subtilism or by cloning (Jacobsen et al. 1974, Joyce and Gnndley 1983). 


USES 

1 Filling the recessed 3' termini created by digestion of DNA with restnc- 
tion enz 3 Tnes In many cases, a smgle buffer can be used both for cleavage 
of DNA with a restriction enzyme and for the subsequent filling of 
recessed 3' termini (or end-labehng of DNA molecules with protruding 3' 
tails [see use 3]) The Klenow fragment of E cob DNA polsmierase I works 
well in virtually all buffers used for digestion of DNA with restriction 
enz 3 mies However, not all restriction enzymes work in buffers used for 
DNA polymerase reactions, and it is advisable to carry out pilot reactions 
with the particular batch of enzyme on hand. If the restriction enzyme 
will not work in the DNA polymerase buffer, it is necessary to carry out 
the restriction enzyme digestion and filling of recessed 3' termini in two 
separate steps. In this case, cleave the DNA m the appropriate restriction 
enzyme buffer, remove the restriction enzyme by extraction with 
phenohchloroform, precipitate the DNA with ethanol, redissolve it in TE, 
and add the appropriate volume of a 10 x DNA polymerase buffer. 

2 Labeling the termini of DNA fragments by using [^^PJdNTPs to fill 
recessed 3' termini (end-labehng). 

3 End-labeling of DNA molecules with protruding 3' tails This reaction 

works in two stages First, the exonuclease activity removes pro¬ 

truding 3' tails from the DNA and creates a recessed 3' terminus. Then, 
in the presence of high concentrations of one radiolabeled precursor, exo- 
nucleoljftic degradation is balanced by incorporation of dNTPs at the 3' 
terminus This reaction, which consists of cycles of removal and replace¬ 
ment of the 3'-terminal nucleotides from recessed or blunt-ended DNA, is 
sometimes called an exchange or replacement reaction If you plan to use 
this type of reaction for end-labeling, bacteriophage T4 DNA polymerase is 
the enzyme of choice. Although both the Klenow fragment of E. cob DNA 
polymerase I and bacteriophage T4DNA pol5merase can ceirry out this 
type of reaction, the bacteriophage enzyme carries a more potent 3'->5' 
exonuclease activity 

4 Synthesis of the second strand of cDNA in cDNA cloning. 

5 Synthesis of double-stranded DNA from single-stranded templates during 
in vitro mutagenesis. 
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The Klenow fragment of E coli DNA polymerase I can displace hybridized oligonu¬ 
cleotide primers from the template, leading to low frequencies of mutagenesis This 
problem can be avoided by using bacteriophage T4 DNA polymerase, which does not 
cause strand displacement (Nossal 1974) 

6 Sequencing of DNA using the Sanger dideoxy-mediated chain-termination 
method (Sanger et al 1977) 

7 At one time, the 3'->5' exonuclease activity of the Klenow fragment of E 
coll DNA polymerase I was used to digest protruding 3' termini created by 
some restriction enzymes Lately, bacteriophage T4 DNA polymerase has 
become the enzyme of choice for this purpose because of its greater 3'—>5' 
exonuclease activity 

8 The Klenow fragment of E coli DNA polymerase I has also been used in a 
polymerase chain reaction to amplify genomic DNA sequences in vitro that 
are to be used as probes or for direct cloning of mutant alleles of known 
genes However, the Taq DNA polymerase has now become the enzyme of 
choice for this purpose because it is stable in heat and therefore need not 
be freshly added after each round of synthesis and denaturation (see page 
5.50 and Chapter 14) 

Notes 

I End-labeling with the Klenow fragment of E coli DNA polymerase I 
provides an alternative to the use of bacteriophage T4 polynucleotide 
kinase for generating labeled DNA fragments that can be used as size 
markers during gel electrophoresis Because DNA fragments are labeled 
in proportion to their molar concentrations and not their sizes, both small 
and large fragments in a restriction digest become labeled to an equal 
extent It is therefore possible to use autoradiography to locate bands of 
DNA that are too small to be visualized by staining with ethidium 
bromide 

II The end-filling and end-labeling reactions work well on relatively crude 
DNA preparations {e.g, mmipreparations of plasmids) 
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£. coli DNA Polymerase I Klenow Fragment 


Activity; 5'-►S' DNA polymerase 

Substrate: Single-stranded DNA template with a primer containing a free 3'-hydroxyl group 


Reaction: 


DNAoh 


Klenow fragment 
of E coll 

DNA polymerase I 


Mg** 

dATR dTTR dGTR dCTP 


DNA-(pdN)n + nPP, 


For example: 


^ p^ OH ^ 

3' ^p ^p ^p ^p'*'p ^p ^p 5' 


Mg*" 
dATR dTTR 
dGTR dCTP 


Klenow fragment of 
E coll DNA polymerase I 


^ p^ p^ p^ pA p^ pA pQ p^ p"^ 


3' ^p ^p S "^p Ap Tp Cp Gp Ap 


Activity. 3'-►5' Exonuclease 

Substrate Double- or single-stranded DNA degrades from free 3'-hydroxyl termini, exonuclease 
activity on double-stranded DNAs is blocked by 5'-►S' polymerase activity 


Reaction. 

Klenow fragment 
of E coll 

DNA polymerase I 

double- or single-stranded DNA ---—- > 

Mg** 

For example 


pCpGpCpApTpCpT3' 


3' ®pS®P5 
Mg** 

pCpGpCoH®' 

3' GpGpQpS' 

+ 5 pA + 5'pC + 5'pT 


Klenow fragment of 
E coif DNA polymerase I 


5' 


p^OH 
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E. coli DNA Polymerase I Klenow Fragment 


Activity: Exchange (replacement) reaction 

Substrate: If only one dNTP is present, the 3'->5' exonuclease activity will degrade double-stranded 
DNA from the 3'-hydroxyl terminus until a base is exposed that is complementary to the 
dNTP A continuous series of synthesis and exchange reactions will then occur at that 
position 


Reaction: 


^ pC pG pT pC pG pC OH ^ 




3' ®p ®p ®p 5' 

Mg** Klenow fragment of 

ta-®^P]dTTP E coll DNA polymerase I 


( Exonuclease 
/ Activity 


5' 


3' 


p® p ^ 

Gp Cp Ap Gp Cp Gp 5- 


l DNA Polymerase 
/ Activity 


pCpG*pToH®' 

3' ®p ^p ^p ®p ^p ®p 5' 
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Baeteriophage T4 BNA Potymemse 

(Bacteriophage T4>iiifected E. eoli) 

Bacteriophage T4 DNA pol 5 nnerase CM, = 114,000) and the Klenow fragment 
of E. coll DNA polsmaerase I are similar in that each possesses a 5'->3' 
pol 5 nnerase activity and a 3'—>5' exonuclease activity that is more active on 
single-stranded DNA than on double-stranded DNA Hoivever, the exonu¬ 
clease activity of bacteriophage T4 DNA polymerase is more than 200 times 
that of the Klenow fragment Since it does not displace oligonucleotide 
primers from single-stranded DNA templates, bacteriophage T4 DNA poly¬ 
merase works more efficiently than the Klenow fragment of E. coli DNA 
polymerase I in mutagenesis reactions in vitro (Nossal 1974). 


USES 


1 Filling or labelmg the recessed 3' termini created by digestion of DNA 
with restriction enzymes Labeling reactions must be earned out in the 
presence of high concentrations of dNTPs in order for the polymerization 
(filling) reaction to overwhelm the powerful 3'—>5' exonuclease activity 

2. End-labeling of DNA molecules with protruding 3' tails This reaction 

works in two stages First, the potent 3' 5' exonuclease activity removes 

protruding 3' tails from the DNA and creates a recessed 3' terminus 
Then, in the presence of high concentrations of one radiolabeled precursor, 
exonucleolytic degradation is balanced by incorporation of dNTPs at the 3' 
termmus. This reaction, which consists of cycles of removal and replace¬ 
ment of the 3'-terminal nucleotides from recessed or blunt-ended DNA, is 
sometimes called an exchange or replacement reaction. 

In many cases, a single buffer can be used both for cleavage of DNA with 
a restriction enzyme and for the subsequent end-labeling. Bacteriophage 
T4 DNA polymerase will function at about 50% of maximal activity in all 
buffers that are commonly used for digestion of DNA with restriction 
enz 3 mies However, not all restriction enzymes work in buffers used for 
DNA polymerase reactions, and it is advisable to carry out pilot reactions 
with the particular batch of enzyme on hand If the restriction enzjme 
will not work in the DNA polymerase buffer, it is necessary to carry out 
the restriction enzjme digestion and end-labeling in two separate steps. 
In this case, cleave the DNA in the appropriate restriction enzjme buffer, 
remove the restriction enzyme by extraction with phenol: chloroform, 
precipitate the DNA with ethanol, redissolve it in TE, and add the 
appropriate volume of a 10 x DNA polymerase buffer. Filling and 
end-labeling reactions with bacteriophage T4 DNA poljmerase can be 
carried out at 12°C to maximize the ratio of poljmerase activity to 
exonuclease activity. However, these reactions are often carried out at 
room temperature or at 37°C without adverse effects 

3. Labeling DNA fragments for use as hybridization probes. The recessed 3' 
ternuni created by partial digestion of double-stranded DNA with the 
3'->5' exonuclease activity are filled with [®^P]dNTPs (replacement syn¬ 
thesis) (O’Farrell et al. 1980). Hybridization probes prepared by this 
technique have two advantages over probes prepared by nick translation. 
First, they lack the artifactual hairpin structures that can be produced 
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during nick translation. Second, they can easily be converted into strand- 
specific probes by cleavage with suitable restriction enzymes (see Figure 
5.3). 

However, in contrast to nick translation, this method does not produce a 
uniform distribution of label along the length of the DNA. Furthermore, 
the 3' exonuclease activity degrades single-stranded DNA much faster 
than it degrades double-stranded DNA, so that after a molecule has been 
digested to its midpoint, it will dissociate into two half-length single 
strands that will be rapidly degraded It is therefore important to stop the 
exonuclease reaction before the enzyme reaches the center of the molecule. 
Consequently, the replacement synthesis method yields a population of 
molecules that are fully labeled at their termini but contain progressively 
decreasing quantities of label toward their centers. 

4 Conversion of termini of double-stranded DNA to blunt-ended molecules 
Protruding 3' termini will be removed from double-stranded DNA by the 
potent 3'-»5' exonuclease activity of bactenophage T4 DNA polymerase 
In the presence of high concentrations of dNTPs, further degradation of 
the double-stranded region of the template will be balanced by synthesis 
The ability to convert protruding 3' termini to blunt ends is an extremely 
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Bacteriophage T4 DNA Polymerase 


Activity: 5'-*3' DNA polymerase 

Substmte: S'-hydroxyl, single-stranded DNA template-primer complex The enzyme cannot displace 
the strand ahead of the nick. However, addition of bacteriophage T4 gene 32 protein 
allows the enzyme to begin synthesis at a nick in buffers of low ionic strength 


Reaction: 


DNAqh 


For example: 


bacteriophage T4 
DNA polymerase 


Mg'” 

dATP, dTTR dGTP, dCTP 


DNA-(pdN)n + nPP, 


® pC pC pG OH ^ 

3' ®p ’’’p Ap Tp Gp Ap 5' 


Mg” 
dATP, dTTP, 
dGTP, dCTP 


bacteriophage T4 
DNA polymerase 


5' pCpCpGpApTpApG^CpT 3' 


3' Ap 5' 


Activity, 3'-^5' Exonuclease 

Substrate: Considerably more active on single-stranded DNA than on double-stranded DNA, 

exonuclease activity on double-stranded DNA is blocked by DNA polymerase 
activity 


Reaction: 

bacteriophage T4 

DNA polymerase 
single-stranded DNA - 


5' 


p^OH 


For example: 

5' 

3' 


pCpG pCpApTpCpT3' 


Grt G« c * 

’^p '^p 5' 

Mg"* 

® • p*^ pQ p<^ OH ^ 

3' -GpCpOpg, 

+ ®'pA + 5'pC + S'pT 


bacteriophage T4 
DNA polymerase 
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valuable reaction that is frequently used when preparing DNAs for 
addition of synthetic linkers As described above, molecules with recessed 
3' termini can be repaired by bacteriophage T4 DNA polymerase in a 
filling reaction similar to that catalyzed by the Klenow fragment of E coli 
DNA polymerase I Thus, DNAs with a mixture of protruding 5' and 3' 
termini (e g, double-stranded cDNAs synthesized from RNA templates) 
can be converted to blunt-ended molecules (polished) by bacteriophage T4 
DNA polymerase in the presence of high concentrations of dNTPs 

5 Extension of mutagenic oligonucleotide primers that are bound to single- 
stranded DNA templates Bacteriophage T4 DNA polymerase is preferred 
in this reaction to the Klenow fragment of E coli DNA polymerase I 
because it cannot displace the short oligonucleotide from the template 
The efficiency of mutagenesis is therefore increased approximately 
twofold 


Bacteriophage T4 DNA Polymerase 


Activity: Exchange (replacement) reaction 

Substrate. If only one dNTP is present, the 3'-^5' exonuclease activity will degrade double-stranded 
DNA from the 3"-hydroxyl terminus until a base is exposed that is complementary to the 
dNTP A continuous series of synthesis and exchange reactions will then occur at that 
position 


Reaction: 


3' 


pC pG pT pC pG pC OH ' 
Gp Gp Ap Gp Cp Gp 5- 


Mg" 

[a-32p]dTTP 


pG pG p ^ 


3' Gp Cp Ap Gp Cp Gp 5. 


pGpG*pToH®' 

3' , GpCpApGpCpGp5' 




bacteriophage T4 
DNA polymerase 


Exonuclease 

Activity 


DNA Polymerase 
Activity 
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Bacteriophage T7 BNA Poigmeraae 

(Bacteriophage T7-iiifected E. eoli) 

The DNA polymerase mduced after infection of E coli by bacteriophage T7 is 
a complex of two tightly bound proteins, the bacteriophage T7 gene 5 protem 
and the host protein thioredoxin This complex is the most processive of all 
known DNA polymerases Thus, the average length of DNA synthesized by a 
single molecule of bacteriophage T7 DNA polymerase is much greater than 
that of DNAs synthesized by other DNA polymerases This has considerable 
advantages m certain circumstances, for example, when sequencing DNA by 
the Sanger dideoxy chain-termination method (Sanger et al 1977) (see 
Chapter 13) Bacteriophage T7 DNA polymerase, like the Klenow fragment 
and the holoenzyme of E, coli DNA polymerase I and bacteriophage T4 DNA 
polymerase, has a 3'-» 5' exoaudease activity (encoded by bacteriophage T7 
gene 5). As in bacteriophage T4 DNA polymerase, the B'^5' exonuclease 
activity is potent. The degree of activity of the 3'-»5' exonuclease of 
bacteriophage T7 DNA polymerase is approxinfately 1000 times that of the 
Klenow fragment of E. coli DNA polymerase I Bacteriophage T7 DNA 
polymerase does not have a 5'^3' exonuclease activity (Tabor et al 1987) 
See pages 5 46-5.47 for illustrations of the 5'—>3' DNA polymerase and 
3'—>5' exonuclease activities and exchange reaction encoded by bac¬ 
teriophage T7 DNA polymerase. 


USES 


1 Pnmer-extension reactions that require the cop 5 ang of long stretches of 
template 

2 Rapid end-labeling by either filling or exchange (replacement) reactions 
such as those described for bacteriophage T4 DNA polymerase 
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JUodUied BacterUtphage T7 DNA Potymeraae (SeqMienaae^^) 

The bacteriophage T7 gene 5 protein (Mf = 80,000) consists of two separate 
domains, one of which bears a high degree of homology with the DNA-binding 
and pol 3 mienzation domain of E. coli DNA polymerase I (Ollis et al 1985a,b). 
This binding/polymerization domain appears to occupy most of the carboxy- 
terminal sequences of the molecule, whereas the amino terminus carries the 
powerful 3'-»5' exonuclease activity. The exonuclease may be inactivated by 
incubating the enzyme for several days with a reducing agent, molecular 
oxygen, and low concentrations of ferrous ions This inactivation is thought 
to be the result of site-specific modifications mediated by reactive oxygen 
radicals that are generated by ferrous ions bound to the protein Over 99% of 
the 3'—exonuclease may be removed without appreciably affecting the 
polymerizing ability of the protein (Tabor and Richardson 1987b). The 
resulting gene 5 protein/thioredoxin complex (modified bacteriophage T7 
DNA polymerase) is highly processive and is therefore ideal for determining 
the sequence of long tracts of DNA by the dideoxy-mediated chain-termina- 
tion method (Sanger et al 1977) (see Chapter 13) Chemically modified 
bacteriophage T7 DNA polymerase is marketed under the trade name Se- 
quenase by United States Biochemical (Tabor and Richardson 1987a) Re¬ 
cently, an improved version of Sequenase (2 0) that completely lacks exonu¬ 
clease activity has been produced by genetic engineering See page 5 46 for 
an illustration of the 5'-^3' DNA polymerase activity encoded by Se- 
quenases 
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Taq DNA Potymerase ami AmpltEaq^" 

(Thermus aquaticus) 

Taq DNA polymerase is a thermostable DNA-dependent DNA polymerase 
(Af, = 65,000) onginally purified from the extreme thermophile Thermus 
aquaticus (Chien et al 1976) and now available in a genetically engineered 
form (AmpliTaq™; Perkin Elmer Cetus) (Saiki and Gelfand 1989). These 
enzymes have a 5'-^ 3' polymenzation-dependent exonuclease activity. For 
nucleotide incorporation, the enzyme works best at 75-80°C, depending on 
the target sequence, its polymerase activity is reduced by a factor of 2 at 60°C 
and by a factor of 10 at 37°C. In many cases, however, it is necessary to 
initiate polymerization reactions at suboptimal temperatures to prevent 
dissociation of the pnmer from the template. 


USE 

Taq DNA polymerase is used for DNA sequencing (Chapter 13) and to amplify 
specific sequences of DNA in vitro by the polymerase chain reaction (Chapter 
14) This is accomplished using two oligonucleotide primers complementary to 
sequences that flank the region of interest. The first oligonucleotide is com¬ 
plementary to sequences of one strand of the template upstream of the region 
of interest, and the second is complementary to the other strand of the tem¬ 
plate downstream from the region of interest. The denatured template is incu¬ 
bated in the presence of a vast molar excess of both primers to generate 
primer templates that serve as substrates for the Taq DNA polymerase After 
completion of synthesis, the reaction mixture is heated to denature the newly 
synthesized DNA and reincubated to allow the primers to reanneal Because 
the heat-stable Taq DNA poljnmerase is not inactivated during the denatura- 
tion step, a second round of specific synthesis can occur without the addition of 
either new enzyme or new primers. Successive cycles of denaturation, anneal¬ 
ing, and polymerization result in exponential amplification of the sequences 
that he between the two primers (Saiki et al 1985). 

This repetitive procedure, which can use either genomic DNA or single- 
stranded cDNA as the onginal template, can result in a 10®-fold amplification 
of specific sequences It is therefore extremely useful for mapping and se¬ 
quencing mutations in uncloned genomic DNA or mRNA (Saiki et al 1985; 
Kogan et al 1987) and for direct cloning of the desired genomic DNA or mRNA 
sequences (Scharf et al 1986) Because of the tremendous amplifications that 
are achieved, the method requires minute amounts of template For example, 
enough genomic DNA can be obtained from approximately 100 ix\ of blood to 
allow unambiguous determination of the presence or absence of a particular 
mutation at a specific site m a particular segment of DNA 

Notes 

1 Taq DNA polymerase requires Mg"^"^. Because the melt ing and annealmg 
temperatures of the pnmer:template hybrids are affected by the presence of 
divalent cations, it is often necessary to determine the optimal concentra¬ 
tion of Mg for each set of amplification reactions 

inhibit Taq DNA polymerase and should be avoided. 
Tms reaction is usually carried out in a Tris buffer at a room temperature 
pH of 8.3. 


5.50 Enzymes Used in Molecular Cloning 



Taq DNA Polymerase 


Activity: 5'-^3' DNA polymerase 

Substrate: Single-stranded template, primer with 3' hydroxyl 


Reaction: 

Taq DNA polymerase 

DNAqh -»• DNA-(pdN)n + nPP, 

dATP, dTTP, dGTP, dCTP 
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Keverse Tranaeriptuae (BNA-depend^mt DNA Potymeraae) 

(Murine and avian retroviruses) 

Two forms of reverse transcriptase are commercially available: a preparation 
made from purified avian myeloblastosis virus (AMV) and an enzyme isolated 
from a stram of E. coli that expresses a cloned copy of the reverse tran¬ 
scriptase gene of the Moloney murine leukemia virus (Mo-MLV). Both 
enzymes lack a 3' 5' exonuclease active on DNA and catalyze the reactions 

shown on page 5 55. 

The murine and avian reverse transcriptases differ from one another in a 
number of respects- 

• The avian enzyme consists of two polypeptide chains that carry both a 
polymerase activity and a powerful RNAase H activity (Verma 1981) The 
murine enzyme, a single polypeptide chain of = 84,000, has a polymer¬ 
ase activity and a comparatively weak RNAase H activity (Gerard 1983) 
This weak RNAase activity is a considerable advantage when attemptmg to 
synthesize cDNAs complementary to long mRNAs. At the beginning of the 
reaction, the hybrids formed between the primer and the template mRNA 
are substrates for RNAase H. Thus, at the beginning of cDNA synthesis, 
there is a competition between degradation of the template m^A and 
initiation of DNA synthesis (Berger et al 1983) In addition, RNAase H 
can cleave the template near the 3' terminus of the growing DNA strand if 
reverse transcriptase pauses during synthesis (Kotewicz et al. 1988). Thus, 
the high level of RNAase H activity in preparations of the avian enzsnne 
tends to suppress the yield of cDNA and to restnct its length 

• The avian enzyme works efficiently at 42‘’C (the normal body temperature 
of chickens), whereas the murine enz 3 ane is rapidly inactivated at this 
temperature. RNAs rich in secondary structure are therefore copied more 
efficiently by the avian enzyme than by the murine enzyme However, 
preparations of the avian enzyme can be contaminated by an endonuclease 
that cleaves DNA This is now less of a problem than it was in the early 
1980s, when cDNA libraries generated with comparatively impure prepara¬ 
tions of the avian enzjone seldom exceeded 1 kb in length 

• The avian enzyme works more efficiently at pH 8 3 than at pH 7 6, the pH 
preferred by the murine enzyme The length of the cDNA synthesized by 
either enzyme is greatly reduced when reactions are earned out at a pH 
that differs from the optimum by as little as 0.2 unit Since the pH of Tris 
changes with temperature, it is essential to check that the pH of the 
reaction mixture is correct at the temperature chosen for incubation 


USES 


1. Reverse transcriptase is used chiefly to transcribe mRNA into double- 
stranded cDNA that can be mserted into prokaryotic vectors. However, 
reverse transcriptase can also be used with either smgle-stranded DNA or 
RNA templates to make probes for use in hybndization expenments. 
Three types of primers are used in these reactions. 

• Oligo(dT )which binds to the poly(A) tract at the 3' terminus of 
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mammalian mRNAs and primes the s 5 mthesis of the first strand of 
cDNA. Depending on the quality of the reverse transcriptase and the 
reaction conditions, the sequences at the 3' terminus of the template 
may be overrepresented in the cDNA. 

• Oligonucleotides of random sequence (Taylor et al. 1976). The aim is to 
use a population of oligonucleotides whose sequence diversity is so large 
that at least some individual oligonucleotides will anneal to the template 
and serve as pnmers for reverse transcnptase Because different 
oligonucleotides will bind to different sequences, a large proportion of 
the sequences of the template will be copied by the enzyme, and if all of 
the primers are present at equal concentrations, all sequences of the 
template should be copied at equal frequencies. 

Note Oligonucleotides of random sequence can be synthesized on an automated 
DNA synthesizer or can be generated by hydrolysis of high-molecular-weight DNA 
(see Chapter 11) 

• Oligonucleotides of defined sequence Oligonucleotides of defined se¬ 
quence can be used to prime the synthesis of cDNA corresponding to a 
particular mRNA Because the newly synthesized DNA is complemen¬ 
tary to the sequences of the mRNA that he upstream of the pnmer, this 
method (primer extension) provides an accurate measurement of the 
distance between a fixed point on an mRNA and its 5' termmus 

2 Labeling the termini of DNA fragments with protruding 5' termmi (filling 
reaction). 

3. The enzyme can also be used to sequence DNAs by the dideoxy chain- 
termination method (Sanger et al. 1977) when other enzymes (e.g., the 
Klenow fragment of E cob DNA pol 3 merase I or Sequenase) yield un- 
satisfactoiy results 

Notes 

I Reverse transcnptase lacks 3' -»5' exonuclease activity, which acts as an 
editing function in E cob DNA polymerase I, and is therefore prone to 
error In the presence of high concentrations of dNTPs and Mn^^, about 
1 base in every 500 is misincorporated 

II The of reverse transcnptase for its dNTP substrates is very high—in 
the milhmolar range To prevent premature termination of newly synthe¬ 
sized DNA chains, it is therefore essential to include high concentrations 
of dNTPs m the reaction 

111 . Reverse transcnptase can be used to S 5 mthesize single-stranded copies of 
DNA templates using oligonucleotide primers (see Figure 5.4A). How¬ 
ever, both double-stranded and single-stranded cDNAs are generated 
from RNA templates (see Figure 5.4B). Self-primed synthesis is much 
less efficient than synthesis from the added oligonucleotide pnmers. 
Therefore, self-complementary hairpin molecules usually constitute only 
a small fraction of the synthesized double-stranded cDNA (see Chapter 
8). If necessary, both self-primed and exogenously primed second-strand 
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synthesis can be inhibited by including actinomycin D in the reaction 
mbcture at a final concentration of 50 ^xg/ml. 

Caution: Actinomycin D is a teratogen and carcinogen. Stock solutions 
should be prepared, wearing gloves and a mask, in a chenucsil hood, not 
on an open bench. Solutions of actinomycin D are light-sensitive 
Instructions for preparing and storing stock solutions of actinomycin D 
are given in Appendix B. 


A 


5’ 


dATP 

dCTP 

dGTP 

dTTP 


3' 


. DNA oligonucleotide primer 

-- 5' 



3' 


Single-Stranded DNA template 


reverse 

transcriptase 


5' 


y newly synthesized DNA 
3 <V\AAAA/^-- 5' 

- 3 ' 


B 


first cDNA strand v 


3 <^AAAAAAAAAA 


DNA oligonucleotide primer 


5 - 

RNA template 



3 


RNAase H 


<VW\AAAAAAA 



or 


® ^^AAAAAAAAA/''- 5 

5’ -^--VVWVWVVV> 3' 


second oligonucleotide 
primer 


inhibited by 
\^^^actinomycin D 


self-primed synthesis 
of second strand 


FIGURE 5.4 

The use of reverse transcriptase to generate probes from (A) DNA and (B) RNA 
templates. 
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Reverse Transcriptase 


Activity: S'-^3' DNA polymerase 

Substrate: RNA or DNA template with an RNA or DNA primer bearing a 3'-hydroxyl group 


Reaction: 


DNAqh RNAqh 


reverse transcriptase 


dATP. dTTP, dGTP, dCTP 


DNA-(pdN), + nPP, 
RNA-(pdN)„ + nPP, 


For exampie: 

5' 

3' 


5' 

3' 


pT pT pT pT pT QH ^ 

^p Ap ^p ^p ^p ^p ®p ^p ^p ^p 5' 


Mg** 
dATP, dTTP, 
dGTP, dCTP 


reverse transcriptase 


p"*" p^ p^ p"^ p"^ p^ p'^ p^ p^ p"^ OH ^ 
^p ^p ^p ^p ^p ^p ^p ^p ^p ^p ^p 5 


Activity: RNAase H (5'-“S' and 3'-^5' exoribonuclease) 

Substrate. Reverse transcriptase specifically degrades RNA in an RNA DNA hybrid by a processive 
mechanism 

Reaction. Degradation of substrates with free ends yielding ribonucleotide products that are 
4-20 nucleotides in length and contain 5'-phosphate and 3'-hydroxyl termini 

RNA 5' pUpCpCpGpUpA3' __ 5 pUpC^' 

p 0 y 0 ]'g 0 

DNA 3 . ApGpGpCpApT 5 transcriptase 3 ApGpGpCpApT 5 - 

+ 5'pCpG pUpA3’ 
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Terminul Transferase (Terminal Deoxynucleotidyl Transferase) 

(Calf thymus) 

Tenninal transferase (M, = 60,000) is an unusual DNA polymerase found 
only in prelymphocytes and in early stages of lymphoid differentiation 
(Chang and Bollum 1986). In the presence of a divalent cation, the enzyme 
catalyzes the addition of dNTPs to the 3'-hydroxyl termini of DNA molecules 
(Bollum 1974) When the nucleotide to be added is a punne, Mg^^ is the 
preferred cation, when the nucleotide is a pyrimidine, Co^^ is used instead. 
The minimum chain length of the acceptor DNA is three dNTPs, and as many 
as several thousand dNTPs can be incorporated if the ratio of acceptor to 
nucleotide is adjusted correctly. Single nucleotides can be added to the 3' 
termini of DNA if modified nucleotides (e g., ddNTPs or cordycepm tri¬ 
phosphate) are used as substrates Homopolymers of rNTPs can also be 
synthesized at the 3' termini of DNA molecules in the presence of Co^"^ (for 
references, see Chang and Bollum 1986). The enzyme strongly prefers to use 
DNAs with protruding 3' termini as acceptors However, blunt or recessed 3' 
termini are used, albeit less efficiently, in buffers of low ionic strength that 
contain Co^^ Mg""^, or Mn""^ (Roychoudhury et al 1976; Nelson and Brutlag 
1979; Roychoudhury and Wu 1980; Michelson and Orkin 1982, Deng and Wu 
1983) 


USES 


1 Addition of complementary homopolymeric tails to vector and cDNA 

2 Labeling the 3' termini of DNA fragments with a ^^P-labeled dNTP (Tu 
and Cohen 1980), a ddNTP (Cozzarelli et al 1969), or an rNTP (Wu et al. 
19'76) For labeling with rNTPs, [a-®^P]rNTP is used in the presence of 
Co^ followed by treatment with alkali 
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Terminal Transferase 


Activity: Terminal transferase 

Substrate: Single-stranded DNA with a 3'-hydroxyI terminus or double-stranded DNA with a 

protruding 3'-hydroxyl terminus is preferred. Blunt-ended, double-stranded ONA or DNA 
with a recessed 3'-hydroxyl terminus senres as a template if Co** is supplied as a 
cofactor (Roychoudhury et ai 1976, Nelson and Brutlag isra, Roychoudhury and Wu 
1980, Michelson and Orkin 1982, Deng and Wu 1983). 

Reaction: 

single-stranded DNAqh 
M n'** or Mg” 

dATP, dTTP, terminal transferase 

dGTP, dCTP 

'' 

DNA-(pdN)n + nPP, 
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DNA-BEPENDENT SNA POLYMERASES 


Bacterioptuige SP6 and Baeteriophages T7 and TS RNA Polymerases 

(Bacteriophage SP6-infected Salmonella typhimurium LT2 
and bacteriophage T7- or T3-infected E. coU) 

Bacteriophage SP6 synthesizes a DNA-dependent RNA polymerase that 
recognizes and initiates synthesis of RNA on double-stranded DNA templates 
that carry the appropriate bacteriophage-specific promoter The pol5rmerase 
is used in vitro to generate large quantities of RNA complementary to one 
strand of foreign DNA that has been cloned immediately downstream from 
the promoter in plasmids specifically designed for this purpose Vectors are 
available to synthesize RNA complementary to either strand of the template 
by changing the orientation of the promoter with respect to the cloned foreign 
DNA sequences (Butler and Chamberlin 1982; Melton et al 1984). 

Bacteriophages T7 and T3 also synthesize DNA-dependent RNA polymer¬ 
ases that recognize and initiate synthesis of RNA on double-stranded DNA 
templates that carry the appropriate bacteriophage-specific promoter These 
polymerases are used in vitro just like the bacteriophage SP6 RNA polymer¬ 
ase Bacteriophages T7 and T3 RNA polymerases have been cloned and 
expressed in E coli (Davanloo et al 1984; Tabor and Richardson 1985; 
Moms et al 1986) and bacteriophage T7 RNA polymerase has been cloned 
and expressed in yeast (Chen et al 1987) This allows vectors canying the 
bacteriophage T7 promoter to be used to express cloned genes m vivo 

USES 

1 S 3 Tithesis of single-stranded RNA for use as hybridization probes, func¬ 
tional mRNAs for in vitro translation systems, or substrates for in vitro 
splicing reactions Each of the three RNA polymerases has a high degree 
of specificity for its cognate promoter 

2 The bacteriophage T7 transcription system has been used to express 
cloned genes in bacteria (Tabor and Richardson 1985, Studier and Moffatt 
1986) and in yeast (Chen et al 1987) 

Two types of bacteriophage T7 expression systems have been developed 
for E coll In the first system, stable lysogens are established with 
bacteriophage A carrying the bactenophage T7 RNA polymerase gene 
under the control of the E coli lac\JV5 promoter Plasmids containing the 
gene of interest under the control of the bacteriophage T7 promoter are 
then introduced into the lysogens containing the bacteriophage T7 RNA 
polymerase gene Activation of the bactenophage T7 promoter is then 
achieved by isopropylthio-/3-D-galactoside induction of the /acUV5 promot¬ 
er driving the bacteriophage T7 RNA polymerase gene In the second 
system, the bactenophage T7 promoter/plasmid canying the gene of 
interest is introduced into bacteria, and the bacteriophage T7 promoter is 
activated by infecting the bacteria with bactenophage A containing the 
bacteriophage T7 RNA polymerase gene 
In yeast, the bacteriophage T7 RNA polymerase gene is placed under 
the control of a yeast promoter and stably introduced into yeast cells on an 
autonomously replicating vector. Expression is achieved by introducing 
into the yeast cells a second plasmid that contains the gene of interest 
under the control of the bacteriophage T7 promoter (Chen et al 1987). 
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Bacteriophages SP6, T3, and T7 
DNA-dependent RNA Polymerases 


Activity: 5'-*3' RNA polymerase 

Substrate: Double-stranded DNA molecules containing bacteriophage SP6, T3, or T7 promoters 


Reaction: 


double-stranded DNA 


bacteriophage SP6, T3, 
or T7 RNA polymerase 


Mg** 

rATP, rUTP, rGTP, rCTP 


Pbr example: 


RNA + PP, -I- template 


5' 


3' 


SP6 promoter 


GATCATCATCATCGATCGG6 

CTAGTAGTAGTAGCTAQCCC 


Mg** 
rATP, rUTP, 
rGTP, rCTP 


bacteriophage SP6 
RNA polymerase 


5'ppp GAUCAUCAUCAUCGAUCGGG 


3' 


5' 


3' 
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UGASESf SINASESy AXB PHOSPHATASES 

The enz57mes used to join two pieces of DNA are called DNA ligases. The 
ligase used most often m cloning is encoded by bacteriophage T4, although 
there is a less versatile enzjmie available from umnfected E. coli Both types 
of ligase are used primarily on DNA substrates with 5'-terminal phosphate 
groups 

RNA ligase is a bacteriophage T4 enzyme that is capable of covalently 
joining single-stranded RNA (or DNA) molecules containing 5'-phosphate and 
3'-hydroxyl termini However, the primary use of this enzyme has been in 3' 
end-labeling of RNA This is accomplished using ®^P-labeled mononucleoside 
3',5'-bisphosphate (pNp), which is added to the 3'-hydroxyl terminus of RNA. 

DNAs that lack the required phosphate residues cam be prepared for 
ligation by phosphorylation with bactenophage T4 polynucleotide kinase 
Conversely, DNAs can be rendered resistant to ligation by enzymatic removal 
of phosphate residues from their 5' termini with phosphatases. 

'The properties of bacteriophage T4 DNA ligase and poljmucleotide kinase 
are summarized m Table 5.9 and described in greater detail m the following 
pages The data in Table 5.9 have been collected from numerous papers 
published over the last 20 years. The values serve as accurate guidelines for 
using the enzymes, but optimal conditions will always vary slightly with the 
enzyme preparation (degree of punty) and the DNA preparation or when 
carrying out a sequence of enzymatic reactions (e g, digestion, end-filling, 
and ligation) in one mixture 
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Baeteriophuge T4 DNA Ligase 

(Bacteriophage T4-infected E. coli) 

Bacteriophage T4 DNA ligase, a polypeptide of M, = 68,000, catalyzes the 
formation of phosphodiester bonds between adjacent 3'-hydroxyl and 5'- 
phosphate termini m DNA (Weiss et al 1968). Its properties are summanzed 
m Table 5 9 


USES 


1 Joining DNA molecules with compatible cohesive termini. Intermolecular 
ligation is stimulated by low concentrations of agents, such as poly¬ 
ethylene glycol (PEG), that promote the efficient interaction of mac¬ 
romolecules in aqueous solutions. 

2. Joinmg blunt-ended double-stranded DNA molecules to one another or to 
synthetic linkers This reaction is much slower than ligation of cohesive 
termim However, the rate of blunt-end ligation is improved greatly by 
the addition of monovalent cations (150-200 mM NaCl) and low concen¬ 
trations of PEG (Pheiffer and Zimmerman 1983, Hayashi et al 1986). 

Notes 

i. At least three different assays are used to measure the activity of 
bacteriophage T4 DNA ligase Most manufacturers (apart from New 
England Biolabs) now calibrate the enzyme in Weiss units (Weiss et al 
1968) One Weiss umt is the amount of enzyme that catalyzes the 
exchange of 1 nmole of ®^P from pyrophosphate mto [•y,/3-®^P]ATP m 20 
minutes at 37°C One Weiss unit corresponds to 0.2 unit determined m 
the exonuclease resistance assay (Modrich and Lehman 1970) and to 60 
cohesive-end units (as defined by New England Biolabs) 0 015 Weiss umt 
of bacteriophage T4 DNA ligase therefore will ligate 50% of the Hindlll 
fragments of bacteriophage A (5 /ig) in 30 minutes at 16°C Throughout 
this manual, bacteriophage T4 DNA ligase is given in Weiss units 

11 . Bacteriophage T4 DNA ligase is not inhibited by the presence of dNTPs 
and works adequately in virtually all buffers used for digestion of DNA 
with restriction enz 5 nnes 
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Bacteriophage T4 DNA Ligase 


Activity: Ligation of cohesive DNA ternriini or nicks 

Substiate: Active on double-stranded DNA with complementary cohesive termini that base pair to 

bring together 3'-hydroxyl and 5'-phosphate termini In addition, the enzyme is active on 
nicked DNA and active, albeit far less efficiently, on RNA substrates (For a more 
complete description of substrates, see Engler and Richardson 1982.) 


Reaction: 


pApCpGoH pApApTpTpCpGpT 3 ' 

3' ^p ®p ^p ^p ^p Ap Ap HO^p^pAp 5' 


Mg** bacteriophage T4 

ATP DNA ligase 


5' 

3' 


pA pC pG pA pA pT pT pC pG pT 


*^p ^p ^p ^p ^p ^p ^p 


3' 

5' 


Activity: Ligation of blunt ends 

Substrate: High concentrations of blunt-ended, double-stranded DNA containing 5'-phosphate and 
3'-hydroxyl termini 

Reaction: 


pC pG pA QH pC pG pT pA , 


3' 


Gp Cp Tp 


Mg** 

ATP 


HO ^p ^p ^p 

bacteriophage T4 
DNA ligase 


5' 


3' 


pC pG pA pC pG pT pA 

^p ^p "^p ®p ^p ^p ^p 


3' 

5' 
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E. coli DItA Ligase 

E. coll DNA ligase catalyzes the formation of phosphodiester bonds in 
double-stranded DNA containing complementary protruding 5' or 3' termini 
(Panasenko et al 1977, 1978). The reaction is catalyzed by NAD^ Initial 
studies indicated that this enzyme would not ligate blunt-ended double- 
stranded DNA, but subsequent studies revealed that blunt-end ligation can 
be achieved in the presence of polyethylene glycol or Ficoll, compounds that 
act as volume excluders. This effectively increases the concentration of DNA 
termini and enzyme (Zimmerman and Pheiffer 1983). E coli DNA ligase has 
been used in cDNA cloning methods based on replacement synthesis, as 
described by Okayama and Berg (1982), because of its inability to join 
adjacent RNA and DNA segments that arise during the synthesis of the 
second strand of cDNA. It is not, however, widely used in other molecular 
cloning procedures, since bacteriophage T4 DNA ligase is capable of efficient¬ 
ly joining blunt ends m the absence of volume excluders E coli DNA ligase 
does not ligate RNA 
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£. CO// DNA Ligase 


Activity: Ligation of cohesive DNA termini or nicks 

Substrate: Active on double-stranded DNA with complementary cohesive termini that base pair to 

bring together 3'-hydroxyl and 5'-phosphate termini In addition, the enzyme is active on 
nicked DNA 


Reaction, 


5' 


3' 


pA pC pG OH 

"^p ^p "^p ^p ^p 

Mg"" 

ATP 


pA pA pT pT pC pG pT 
HO ^p ^p ^p 

E coif 
DNA ligase 


3^ 


5' 


® pA pC pG pA pA pT pT pC pG pT 3 

3' ^p ®p ^p *^p *^p Ap Ap Gp Cp Ap 
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Bacteriophage T4 MSNA Ligase 

(Bacteriophage T4-infected E. coli) 

Bactenophage T4 RNA ligase catalyzes the covalent joining of 5'-phosphate 
single-stranded DNA or RNA to 3'-hydroxyl single-stranded DNA or RNA 
(Uhlenbeck and Gumport 1982). 


USES 


1. Because small molecules (e.g, pNp) are effective substrates, bacteriophage 
T4 RNA ligase can be used to radiolabel the 3' termini of RNA molecules 
in vitro (Uhlenbeck and Gumport 1982) 

2. Synthesis of ohgodeoxyribonucleotides. 

3. Bacteriophage T4 RNA ligase has been reported to stimulate the activity 
of bactenophage T4 DNA ligase (Sugino et al 1977) However, agents 
such as polyethylene glycol that increase macromolecular crowding are 
equally effective and much less expensive. 
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Bacteriophage T4 RNA Ligase 


Activity: RNA ligase 

Substrate: 5'-phosphate acceptors include single-stranded DNA and RNA. Phosphate donors 
include single-stranded DNA and BNA and nucleotides such as pNp. 

Reaction: 

DNA or RNA RNA or DNA 

pApCpGoH^' ®'pApApTpTpC 

bacteriophage T4 
A'P RNA ligase 

^ pA pG pG pA pA pT pT pC ® 
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Bacteriophage T4 PotguneleoHde Kimase 

(BacteriopliE^e T4'infected E, coli) 

Bactenophage T4 polynucleotide kinase catalyzes the transfer of the y- 
phosphate of ATP to a 5' terminus of DNA or RNA (Richardson 1971). Two 
types of reactions are commonly used In the forward reaction, the y- 
phosphate is transferred to the 5' terminus of dephosphorylated DNA 
(Richardson 1971) In the exchange reaction, an excess of ADP causes 
bacteriophage T4 polynucleotide kinase to transfer the terminal 5' phosphate 
from phosphorylated DNA to ADP; the DNA is then rephosphorylated by 
transfer of a radiolabeled y-phosphate from [y-®^P]ATP (Berkner and Folk 
1977). In addition to the phosphorylation activity of bacteriophage T4 
polynucleotide kinase, the enzyme also contains a 3' phosphatase activity 
(Richardson 1981). The properties of this enz 3 me are summarized in Table 
5.9 and Richardson (1981). 


USES 


1 Radiolabelmg 5' termini m DNA for sequencing by the Maxam-Gilbert 
technique (Maxam and Gilbert 1977), for nuclease-Sl analysis, and for 
other uses requinng terminally labeled DNA, 

2 Phosphorylating S 5 mthetic linkers and other fragments of DNA that lack 
terminal 5' phosphates in preparation for ligation. 

Notes 

1 Bactenophage T4 polynucleotide kinase is difficult to purify from infected 
cells, and impure preparations are not uncommon Wherever possible, 
use bactenophage T4 polynucleotide kinase that has been purified from 
cells expressing high levels of a cloned copy of the bacteriophage T4 gene 

11 . When setting up reactions involving the termini of nucleic acid mole¬ 
cules, the concentration of the reacting species can be calculated using 
the following table as a guide 


Size of double-stranded DNA 
(in base pairs) 

Amount of DNA required 
to contribute 1 pmole of 
5' termini (in fig) 

60 

nxiQ-^ 

100 

3.3 X 10'^ 

250 

8 4x 10'^ 

500 

1 7x 10"^ 

1000 

3 3x 10'^ 

2500 

8 4x 10"^ 

5000 

17 


in. Spermidine stimulates incorporation of [y-®*P]ATP and inhibits a nu¬ 
clease present in some preparations of bacteriophage T4 polynucleotide 
kinase. 

IV. ATP should be present at a concentration of at least 1 ju,M in the forward 
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reaction and at least 2 fiu in the exchange reaction, but optimal activity 
occurs at higher concentrations (see Table 5 9) 

V. The dephosphorylated DNA should be rigorously purified by gel elec¬ 
trophoresis, density gradient centrifugation, or chromatography on col¬ 
umns of Sepharose CL-4B in order to remove low-molecular-weight 
nucleic acids Although such contaminants may make up only a small 
fraction of the weight of the nucleic acids in the preparation, they provide 
a much larger proportion of the 5' termini Unless steps are taken to 
remove them, contaminating low-molecular-weight DNAs and RNAs can 
be the predominant species of nucleic acids that are labeled in bac¬ 
teriophage T4 polynucleotide kinase reactions. 

VI. Ammonium ions are strong inhibitors of bacteriophage T4 pol)Tiucleotide 
kinase Therefore, DNA should not be dissolved in, or precipitated from, 
buffers containing ammonium salts prior to treatment with the kinase 

vii. Low concentrations of phosphate also inhibit bacteriophage T4 polynu¬ 
cleotide kinase, imidazole buffer (pH 6 4) is therefore the buffer of choice 
for the exchange reaction, and Tris buffer is the buffer of choice for the 
forward reaction 
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Bacteriophage T4 Polynucleotide Kinase 


Activity: Kinase (forward reaction) 


Substrate: Single- or double-stranded DMA with 5'-hydroxyl terminus; RNA with a 5'-hydroxyl 

terminus The enzyme phosphorylates protruding 5' single-stranded termini more rapidly 
than blunt ends or recessed 5' termini, however, with sufficient enzyme and ATP, such 
termini can be completely phosphorylated The reaction at nicks or gaps in double- 
stranded DNA IS less efficient than for single-stranded termini; however, with sufficient 
concentrations of ATP and enzyme, gaps can be completely phosphorylated and nicte 
can be phosphorylated to 70% 


Reaction: 


DNAqh®' Of RNAqh®' 


bacteriophage T4 

or 5'(32pjRNA 
ADP 

dithiothreitol 
Mg** 


polynucleotide kinase 
I-V.32P1ATP 


5'[32p]QNA 

+ 


For example: 




3' 


[7-32p]dATP 

dithiothreitol 

Mg** 


bacteriophage T4 
polynucleotide kinase 


®'*pC pGpC 


3 ' 


+ ADP 
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Bacteriophage T4 Polynucleotide Kinase 


Activity: Kinase (exchange reaction) 

Substrate: Single-stranded DNA with a 5'-phosphate terminus is most efficiently labeled (96%). 

Recessed S'-phosphate termini are labeled to 70% with sufficient enzyme 5'-phosphate 
groups at nicks are labeled 30-fold less efficiently than single-stranded S'-phosphate termini 


Reaction: 


®'pCpGpC 

[r“P]dATP 

dithiothreitol 

Mg” 

5'*C„G „C 

P'-' p'-' 


excess ADP 

bactenophage T4 
polynucleotide kinase 

+ ADP + ATP 
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AUcnUme PHospHoMmses 

(E. coli and calf intestine) 

Both bacterial alkaline phosphatase (BAP) and calf intestinal alkaline phos¬ 
phatase (CIP) catalyze the removal of 5'-phosphate residues from DNA, RNA, 
rNTPs, and dNTPs 


USES 

1. Removing 5' phosphates from DNA or RNA prior to labeling 5' termim 
with ®^P 

2. Removing 5' phosphates from fragments of DNA to prevent self-ligation 


Note 

BAP IS the more active of the two alkaline phosphatases, but it is also far 
more resistant to heat and detergents. It is therefore difficult to inhibit BAP 
completely at the end of dephosphorylation reactions. Proteinase K is used to 
digest CIP, which must be completely removed if subsequent ligations are to 
work efficiently An alternative method is to inactivate the CIP by heating to 
65°C for 1 hour (or 75'’C for 10 minutes) in the presence of 5 mM EDTA (pH 
8.0) and then to purify the dephosphorylated DNA by extraction with 
phenol chloroform 


Alkaline Phosphatases 


Activity: Phosphatase 


Substrate: Single- or double-stranded DNA and RNA, rNTPs and dNTPs. 


Reaction: 

S'pDNA or S'pRNA 


alkaline phosphatase 


5'ohDNA or S-'ohRNA 
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mCLEASES 

Xuclease BAL 31 

(Alteromonas esp^iana BAL 31) 


BAL 31 IS predominantly a 3' exonuclease that removes mononucleotides 
from both 3' termini of the two strands of linear DNA. BAL 31 is also an 
endonuclease; thus, the single-stranded DNA generated by the 3' exonuclease 
activity IS degraded by the endonuclease The mechanisms of these reactions 
are complex and are summarized below 
Degradation is absolutely dependent on the presence of calcium, and the 
reaction can therefore be stopped at different stages by the addition of the 
chelating agent EGTA Because degradation occurs relatively uniformly from 
the termini of DNA, digestion with BAL 31 can be used to map restriction 
sites m small fragments of DNA (Legerski et al 1978) DNA is digested with 
BAL 31, and samples are withdrawn at different times and placed in a 
solution containing EGTA After digestion of these samples with the restric¬ 
tion enz 3 me of interest, restriction fragments can be seen to disappear in a 
defined order By using a DNA consisting of vector sequences at one 
terminus (for which the restriction map is known) and unmapped sequences 
at the other, it is possible to distinguish fragments from the two termini and 
to deduce the order of the fragments m the unmapped DNA 
BAL 31 can also be used to remove unwanted sequences from the termini of 
DNAs before cloning After treatment with the exonuclease/endonuclease, 
the termini of the DNA are repaired with bacteriophage T4 DNA polymerase 
or the Klenow fragment of E coli DNA polymerase I Synthetic linkers are 
added to the DNA, which is then inserted into a suitable vector In this way, 
it IS possible to generate a set of deletions from a defined endpoint in DNA 
Although the enzyme is predominantly a 3' exonuclease, it also has a DNA 
endonuclease activity and cleaves internally in single-stranded regions of 
DNA or in double-stranded DNA that contains helical distortions (Lau and 
Gray 1979, Gray et al 1981, Wei et al 1983). BAL 31 will also digest RNA, 
albeit inefficiently 


USES 


1 Removing nucleotides from the termini of double-stranded DNA in a 
controlled manner The shortened molecules can be used for a variety of 
purposes such as to produce deletions, to position a desired sequence next 
to a promoter or other controlling element, or to attach synthetic linkers at 
desired sites in the DNA 

2 Mapping restriction sites in DNA (Legerski et al. 1978) 

3 Mapping secondary structure in DNA, for example, junctions between B- 
and Z-DNA or sites of covalent or noncovalent modifications in double- 
stranded DNA (Gray et al 1981, Wei etal 1983). 

4 Removing nucleotides from double-stranded RNA in preparmg recombi¬ 
nant RNAs (Miele et al. 1983). 


Enzymes Used in Molecular Cloning 5.73 


Notes 

I . The rate at which BAL 31 removes nucleotides from the 5' and 3' termini 
of double-stranded DNA is given by the equation: 

dM, -2YJd, 

At [K^ + iS),] 

where Mt = molecular weight of linear double-stranded DNA after t 
minutes of digestion, = maximum reaction velocity (expressed as 
moles of nucleotide removed/liter/minute), = average molecular mass 
of sodium mononucleotide (taken as 330 daltons), = Michaelis-Menten 
constant (expressed as moles of double-stranded DNA termini/liter), and 
(S)g = moles of double-stranded DNA termim/liter at t = 0 minutes (re¬ 
mains constant until a significant portion of the molecules have under¬ 
gone complete degradation) 

At an enzyme concentration of 40 units/mf 

V = 2 4 X10"® moles of nucleotide removed/liter/minute 

m 

= 4 9 X 10 moles of double-stranded DNA termim/liter 

Assuming that the value of alters m proportion to enzyme dilution 
(5/40 in the example below where the enzyme concentration is 5 units/ 
ml), then the rate of degradation of a 2-kb fragment of DNA in a 100-^1 
reaction containing 10 /ig of DNA and 0 5 unit of enzyme will be 

^ -2(5/40)(2 4xl0~®)(330) 

" (4 9x10"®) +(1.5x10"^) 

^ -(l/4)(2 4xl0~®)(330) 

1 5049 X10'" 

= -1.31 X 10‘‘ daltons/minute/DNA molecule 

= -19 bp/minute/DNA molecule 

= -95 bp/minute/terminus of double-stranded DNA 

In most cases (i e, when digesting DNAs less than 10 kb in length and 
when the concentration of DNA in the reaction exceeds 20 /ig/ml), the 
term for in the denominator of the equation becomes insignificant 

II . When the products of BAL 31 digestion are to be ligated, it is important 
to consider that the 3' exonuclease activity of the enzyme works about 
20-fold more efficiently than the DNA endonuclease. Thus, the average 
length of single-stranded tails created by digestion of linear double- 
stranded DNA IS dependent on the enz 3 ane concentration. At high en¬ 
zyme concentrations (2-5 units/ml), an average of five nucleotides of 
single-stranded DNA remain per terminus and 10-20% of the molecules 
can be ligated to blunt-ended DNA without further treatment At low 
enzyme concentrations (01-0.2 unit/ml), the single-stranded termmi 
may be very long and the efficiency of blunt-end ligation is very low. 
Repair with bacteriophage T4 DNA polymerase (or, in some cases, the 
Klenow fragment of E. coli DNA polymerase I) is almost obligatory at 
either high or low concentrations of BAL 31 
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iii. Most commercial preparations of BAL 31 contain two kinetically distinct 
forms of the enzyme, a fast and a slow form. The slow form is a 
proteols^tic degradation product of the fast form. Pure preparations of the 
fast form are available, but they are expensive (Wei et al. 1983). Results 
using mixed preparations will vary, depending on the relative amounts of 
the two forms in the initial preparation and the rate of conversion of the 
fast to the slow form during the assay. 

Preparations nch m the fast form are preferred for such tasks as 
removal of long (> 1000 bp) segments from the termini of double- 
stranded DNA, degradation of double-stranded RNA; and mapping of 
restriction sites, B-Z DNA junctions, and lesions in double-stranded DNA. 
The slow form of the enz 3 me is used to remove short segments (10—100 
bp) from the termini of double-stranded DNA Mixed preparations of the 
enzyme can be used for any of these tasks, although the results will vary 
as mentioned above. 

IV. BAL 31 works asynchronously, generating a population of DNA molecules 
whose termini have been resected to various extents and whose single- 
stranded tails vary in length. Following digestion with BAL 31 and 
repair with bacteriophage T4 DNA pol 3 Tnerase (or the Klenow fragment 
of E. coll DNA polymerase I), it is often more efficient to isolate DNAs of 
the required size by gel electrophoresis rather than to screen very large 
numbers of randomly generated clones 

V BAL 31 degrades AT-nch sequences sigmficantly more rapidly than it 
degrades GC-rich regions Thus, molecules that terminate in AT-nch 
regions are underrepresented m populations of DNAs that have been 
digested with the enzyme 

VI. BAL 31 should not be frozen Store the enzyme at 4°C. 
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Nuclease BAL 31 


Activity: Exonuclease/endonuclease 

Substrate- BAL 31 degrades double-stranded DNA sequentially from both termini The mechanism is 
thought to involve a rapid exonucleolytic degradation followed by a slow endonucleolytic 
reaction on the complementary strand Double-stranded DNA with blunt or protruding 
3'-hydroxyl termini are degraded to shorter double-stranded molecules The enzyme is 
also active at nicks, on single-stranded DNA with 3'-hydroxyl termini, and on double- 
stranded RNA molecules. 


Reaction: 


5' 

3' 


5' 


5' 

3' 


Ca” 

(rapid 

reaction) 


Ca"* 

(slow 

reaction) 


3' 

5' 


BAL 31 

(2-3 units/ml 

(high concentration)) 

-5' 


BAL 31 


3' 

5' 


blunt ends (-10-20%) 


+ 


5' 


3' 


3' 


5' 


single-stranded tails about 5 
nucleotides long (-80-90%) 
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Nuclease BAL 31 


Activity: Exonuclease (shortens single-stranded DNA) 
Substrate: Single-stranded DNA with 3'-hydroxyl termini. 
Reaction: 


5'- 


Ca" 


3' 


BAL 31 


Activny: Endonuclease 

Substrate: Single-stranded DNA, supercoiled DNA, DNA with B-DNA, Z-DNA junctions and other 
non-B-DNA conformations 

Reaction: 

single-stranded DNA BAL 31 

. ..>■ mononucleotides 

Ca** 

superhelical double-stranded DNA 



BAL 31 


Ca"* 


double-stranded 
linear DNA 


Ca** 


BAL 31 


truncated, double-stranded 
linear DNAs 


Enzymes Used in Molecular Cloning 5«77 



Nueiease SI 

{Aspergillus oryzae) 

Nuclease SI degrades single-stranded DNA or RNA (Vogt 1973) to yield 
5'-phosphate mono- or oligonucleotides. Double-stranded DNA, double-strand¬ 
ed RNA, and DNA-RNA hybnds are relatively resistant to the enzyme 
However, double-stranded nucleic acids are digested completely by nuclease 
SI if they are exposed to very large amounts of the enzyme Moderate 
amounts of the enzyme will cleave double-stranded nucleic acids at nicks or 
small gaps (Kroeker and Kowalski 1978). 


USES 

1. Analyzing the structure of DNA:RNA hybrids (Berk and Sharp 1977; 
Favaloro et al. 1980) 

2 Removing single-stranded tails from DNA fragments to produce blunt 
ends. 

3. Opening the hairpin loop generated during synthesis of double-stranded 
cDNA. 

Note 

Since the enzyme works at low pH, depurination often occurs, which limits 
the usefulness of nuclease SI for some applications 
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Nuclease S1 


Activity: Single-strand-specific nuclease 

Substrate: Single-stranded DNA or RNA, more active on DNA than on RNA 
Reaction: 

nuclease S1 

single-stranded DNA or RNA - * ®'pdN or 5' rN 

Zn** ^ ^ 

(pH 4.5) 


nicked double-stranded DNA 


Zn** 
(pH 45) 


nuclease Si 
(moderate amounts) 


+ 
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Mwing-hean Nuclease 

(Mung-bean sprouts) 

Mung-bean nuclease degrades single-stranded DNA to mono- or oligonu¬ 
cleotides with phosphate groups at their 5' termini (Laskowski 1980). 
Double-stranded DNA, double-stranded RNA, and DNA:RNA hybrids are 
relatively resistant to the enzyme. However, double-stranded nucleic acids 
are digested completely by mung-bean nuclease if they are exposed to very 
large amounts of the enzyme (Kroeker and Kowalski 1978) 

Although mung-bean nuclease and nuclease SI are similar to each other in 
their physical and catalytic properties, mimg-bean nuclease may be less 
severe in its action than nuclease Si. For example, nuclease SI has been 
shown to cleave the DNA strand opposite a nick in a duplex, whereas 
mung-bean nuclease will only attack the nick after it has been enlarged to a 
gap several nucleotides in length (Kroeker and Kowalski 1978) 

USE 

Converting protruding termim of DNA to blunt ends 
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Ribonuciease A 

(Bovine pancreas) 

RNAase A is an endonbonuclease that specifically attacks single-stranded 
RNA 3' to pyrimidine residues and cleaves the phosphate linkage to the 
adjacent nucleotide The end products are pyrimidme 3' phosphates and 
oligonucleotides with terminal pyrimidine 3' phosphates (Davidson 1972). 
RNAase A, which works in the absence of cofactors and divalent cations, can 
be inhibited by placental RNAase inhibitor (Blackburn et al 1977) or by 
vanadyl-ribonucleoside complexes (Puskas et al 1982). 

11 11 

^ p ®p ®p ^p ^p ®p ^p ^p ^p '^p ®p ^p ^p ®p ® 

RNAase A 

^ p ^p ^p ^p ^p ^p ^p ^p ^p ^p ^p ^p ^p ^p ® ^ 


USES 

1 Removing unhybridized regions of RNA from DNA'RNA hybrids. 

2 Mapping single-base mutations in DNA or RNA (Myers et al 1985; Winter 
et al 1985) In this method, smgle-hase mismatches in RNA-DNA^or 
RNA.RNA hybrids are recognized and cleaved by RNAase A A P- 
labeled RNA probe complementary to wild-type DNA or RNA is synthe¬ 
sized in vitro using a plasmid containing a bacteriophage SP6 or T7 
promoter The RNA probe is then annealed to test DNA or RNA contain¬ 
ing a single-base substitution The resulting single-base mismatch is 
cleaved by RNAase A, and the location of the mismatch is then determined 
by analyzing the sizes of the cleavage products by gel electrophoresis 
Approximately 50% of all possible single-base mismatches can be detected 
by this method 


Enzymes Used in Molecular Cloning 5«81 



Rfbonueleaae T1 

{Aspergillus oryzae) 

RNAase T1 is an endonbonuclease that specifically attacks the 3'-phosphate 
groups of guanine nucleotides and cleaves the 5'-phosphate linkage to the 
adjacent nucleotide The end products are guanosine 3' phosphates and 
oligonucleotides with terminal guanosine-3'-phosphate groups (Davidson 
1972). 

® p Ap Gp Gp Cp Cp Gp Ap Ap Gp Up Gp Cp Ap Gp C ^ 

RNAase T1 

5’ p Ap Gp + Gp + Cp Cp Gp + Ap Ap Gp + Up Gp + Cp Ap Gp + C 3' 


USE 


Removing unhybndized regions of RNA from DNA RNA hybrids. 
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Deoxyrihomnclease I 

(Bovine pancreas) 


DNAase I is an endonuclease that hydrolyzes double-stranded or single- 
stranded DNA preferentially at sites adjacent to pyrimidine nucleotides. 
Products are a complex mixture of 5'-phosphate mono- and oligonucleotides. 
In the presence of Mg^^ DNAase I attacks each strand of DNA independent¬ 
ly, and the sites of cleavage are distributed in a statistically random fashion. 

'i 1 >1 ^ 


Mg* 


P — P- 


P-P-P-OH 


3' 


OH-p-p-p-p-p-p-p- 

t T t T T T t 


Ps' 


In the presence of Mn^^, DNAase I cleaves both strands of DNA at approxi¬ 
mately the same site (Melgar and Goldthwait 1968) to yield fragments of 
DNA that are blunt-ended or that have protruding termini only one or two 
nucleotides in length 

5. i 

® P — P-P — 

Mn” 

— P-P — 

t t 


USES 

1 Introducing random nicks into double-stranded DNAs in preparation for 
radiolabeling by nick translation (see Chapter 10) 

2 Introducmg a single nick into closed circular DNAs in preparation for 
resection prior to bisulfite-mediated mutagenesis (Greenfield et al 1975). 

3 Generating random clones for sequencing m bacteriophage M13 vectors 
(Anderson 1981) 

4 Anal ysis of protein.DNA complexes (DNAase footprinting) (Galas and 
Schmitz 1978) 
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Exonucleaae MAI 

(E. coli) 

Exonuclease III catalyzes the stepwise removal of 5' mononucleotides from 
the 3'-hydroxyl termim of double-stranded DNA (Weiss 1976) Linear 
double-stranded DNA and circular DNAs containing nicks or gaps are sub¬ 
strates. The activity of the enzyme results in the formation of long single- 
stranded regions in double-stranded DNA. The enzyme also carries three 
other activities, an endonuclease specific for apunnic DNA, an RNAase H 
activity (Rogers and Weiss 1980), and a 3' phosphatase activity, which 
removes 3'-phosphate termini but does not cleave internal phosphodiester 
bonds The exonuclease will not degrade single-stranded DNA or double- 
stranded DNA with a protruding 3' terminus (Rogers and Weiss 1980) 
Exonuclease III is nonprocessive and typically generates populations of 
molecules that have been resected to similar extents. This property sim- 
phfies the task of isolating DNA molecules whose lengths have been reduced 
by the desired amount. 


USES 

1 Generating partially resected DNAs that can be used as substrates for the 
Klenow fragment of E coli DNA polymerase I (e g, in the preparation of 
strand-specific probes) (See Figure 5.3 for a similar application for 
bacteriophage T4 DNA polymerase) 

2 (jenerating nested sets of deletions of the terminal sequences of double- 
stranded linear DNAs This reaction is usually earned out in conjunction 
with mung-bean nuclease or nuclease SI and is an alternative to using 
BAL 31 Because exonuclease III will degrade DNA with recessed 3' 
termini but not termini with protruding 3' single strands, it can be used to 
create unidirectional sets of deletions (Henikoff 1984) Thus, if the 
substrate molecule carries a protruding 3' terminus at one end (e.g, 
created by digestion with Pstl) and a recessed 3' terminus at the other, 
exonuclease III will digest only in one direction (from the recessed 3' 
terminus) After removal of the resulting single-stranded segments (with 
nuclease SI or mung-bean nuclease) and repair with bacteriophage T4 
DNA polymerase, the deleted molecules can be inserted into an appropri¬ 
ate vector by blunt-end ligation 

3. Some methods of site-specific mutagenesis use thiophosphate denvatives 
of the dNTPs for second-strand synthesis pnmed by the mutagenic primer 
The parental template strand can be preferentially degraded with exonu¬ 
clease III, increasing the frequency of mutants obtained upon transforma¬ 
tion of E coll, since exonuclease III will not cleave thioester bonds. 
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Exonuclease III 


Activity; 3' Exonuclease 

Substrate: This enzyme is active on 3'-hydroxyl termini of double-stranded DNA with blunt ends or 
with ends containing unpaired 5' termini and recessed 3' termini. 3'-hydroxyl termini at 
nicks in double-stranded DNA are also substrates The DNA must contain phosphodiester 
bonds, thioesters are not cleaved 


Reaction: 


S' p 
3' HO 


5' p 


OH 3' 

Ps' 


Mg** 


3' HO 


exonuclease III 
• OH 3' 


P 


S' 


+ 5' 


pHoH 


For example. 


^ pP p® p^ p^ p^ p^ p® p® OH ^ 

3< GpCpTpAp ApTpCpGp5. 


Mg** 


exonuclease III 


5' r 3' 

p® OH 

3' ®p®pTpAp\Tp®p®p5' 

+ ® p^OH + ®'p''’OH + ®’p®OH + ® p®OH 


Activity: 3' Phosphatase 

Substrate: Double- or single-stranded DNA with a 3'-phosphate terminus, internal phosphodiester 
bonds are not cleaved 


Reaction: 


5' p 3' exonuclease ill 

3' P-5' 


5' 

3' HO 


OH 3' 

+ 2P, 
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Bacieriophage A Exowtuelease 

(Bacteriophage A-infected E. coli) 

Bactenophage A exonuclease catalyzes the processive, stepwise release of 5' 
mononucleotides from double-stranded DNA. Although the preferred sub¬ 
strate is double-stranded DNA with a terminal 5' phosphate (Little et al 
1967), the enzyme will also work, albeit 100-fold less efficiently, on single- 
stranded DNA. Double-stranded DNAs with nicks or gaps will not serve as 
substrates. 


USES 


Bactenophage A exonuclease was used for a wide variety of purposes in the 
early days of molecular cloning (for review, see Little 1981). Today, it is used 
chiefly to modify the 5'-phosphate termini of DNAs that are to be used as 
substrates for other enz 3 mies (e.g., terminal transferase) 


Bacteriophage X Exonuclease 

Activity: 5' Exonuclease 

Substrste: Double-stranded DNA with terminal 5' phosphate or with protruding 5' termini. 
Reaction: 

® p® p^ p^ p® pG p^ p^ pA pC OH ^ 

3' ®p^p^p'‘^p^p*^p®p‘‘'p^pGp5' 

bactenophage X 
exonuclease 

® ■ pC pG pA pT pG pG pC pT pA pC qh ^ 

3' -^p^p^pApS' 

+ ® p®OH + ®'pCoH + ^'p^OH + ®'pAoH 
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DNA-hinMwwg Proteins 


Single-stranded ONA-hinding Protein (SSB) 

(JE. coli or bacteriophage T4-infected E. coli) 

SSBs bind cooperatively to single-stranded DNA, but not to double-stranded 
DNA Their usefulness as reagents in molecular cloning derives from their 
ability to destabilize intrastrand secondary structures; they accelerate rean- 
neahng of complementary polynucleotides and increase the processivity of 
DNA poljnnerases by removing intrastrand secondary structures that form 
barriers to the progression of these enzymes (for review, see Chase and 
Williams 1986) Because of this property, SSBs have become useful reagents 
in DNA sequencing Two well-studied SSBs are those encoded by E coli emd 
by gene 32 of bacteriophage T4 (known as the gene 32 protein) 


USES 


1 Visualizing DNA by electron microscopy (Griffith et al 1984) 

2 Site-directed mutagenesis involving D-loops (Shortle et al 1980) (m 
conjunction with RecA protein [see page 5.88]). 

3 Increasing the chain length of the product in any reaction catalyzed by a 
DNA polymerase on long templates. Particular SSBs may stimulate 
specific DNA polymerases (see Kowalczykowski et al 1981) used in DNA 
sequencing reactions. 


Enzymes Used in Molecular Cloning 5*87 



KecA Protein 

(£. coli) 

This protein CM, = 37,842) is encoded by the recA gene of E cob It has 
several useful activities associated with its role in recombination in the cell 
It binds single-stranded DNA, promotes uptake of homologous single-strand¬ 
ed DNA into double-stranded DNA, and is a DNA-dependent ATPase. 

USES 

1. Analysis of DNA structure by electron microscopy (Wasserman and Coz- 
zarelli 1985) 

2 In vitro mutagenesis using D-looping (Shortle et al 1980) (see Figure 5 5) 

3. Selection of specific sequences from libraries of double-stranded DNA via 
the formation of a D-loop (Griffith and Shores 1985, Rigas et al 1986) 



Double-Stranded Initial homologous D-loop 

target DNA pairing 


FIGVRE 5.S 

The use of RecA protein to produce a displacement loop in double-stranded DNA 
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Topoiaomerase I 

(Calf thymus) 

Topoisomerase I catalyzes the removal of superhelical turns from covalently 
closed circular double-stranded DNA by transient breakage and rejoming of 
phosphodiester bonds. Topoisomerase I is relatively insensitive to the 
superhelical density of the DNA and is active in solutions containing EDTA 
In contrast to prokaryotic type I topoisomerases, the calf thymus enzyme 
relaxes both positively and negatively supercoiled DNA to completion. 
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Electrophoresis through agarose or polyacrylamide gels is the standard 
method used to separate, identify, and purify DNA fragments (electrophoresis 
of RNA is discussed in Chapter 7) The technique is simple, rapid to perform, 
and capable of resolving fragments of DNA that cannot be separated 
adequately by other procedures, such as density gradient centrifugation. 
Furthermore, the location of DNA within the gel csm be determined directly 
by staining with low concentrations of the fluorescent intercalating dye 
ethidium bromide; bands containing as little as 1-10 ng of DNA can be 
detected by direct examination of the gel in ultraviolet light (Sharp et al 
1973). If necessary, these bands of DNA can be recovered from the gel and 
used for a vanety of cloning purposes. 

Agarose and polyacrylamide gels can be poured in a vanety of shapes, 
sizes, and porosities and can be run in a number of different configurations 
The choices within these parameters depend primanly on the sizes of the 
fragments being separated. Polyacrylamide gels are most effective for 
separating small fragments of DNA (5-500 bp) Their resolving power is 
extremely high, and fragments of DNA that differ in size by as little as 1 bp 
can be separated from one another. Although they can be run very rapidly 
and can accommodate comparatively large quantities of DNA, polyacrylamide 
gels have the disadvantage of being more difficult to prepare and handle than 
agarose gels Polyacrylamide gels are run in a vertical configuration in a 
constant electric field 

Agarose gels have a lower resolving power than polyacrylamide gels but 
have a greater range of separation DNAs from 200 bp to approximately 50 
kb in length can be separated on agarose gels of various concentrations 
Agarose gels are usually run in a horizontal configuration in an electric field 
of constant strength and direction Larger DNAs, up to 10,000 kb in length, 
can be separated by pulsed-field gel electrophoresis, in which the direction of 
the electric flux is changed periodically Each of these types of gel elec¬ 
trophoresis will be discussed in detail in this chapter 
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Agarose Gel Electrophoresis 


Agarose, which is extracted from seaweed, is a linear poljmaer whose basic 
structure is 



D-galactose 3.6-anhyclro 

L*galactose 


Commercially available agarose is not completely pure; it is contaminated 
with other polysaccharides, salts, and proteins. The amount of contamina¬ 
tion vanes from batch to batch of agarose and from manufacturer to manu¬ 
facturer These differences can affect both the migration of the DNA and the 
ability of the DNA recovered from the gel to serve as a substrate in enz 5 miatic 
reactions Because of the great increase in demand dunng the past 10 years, 
most manufacturers now prepare special grades of agarose that are screened 
for the presence of inhibitors and nucleases and for minimal background 
fluorescence after staining with ethidium bromide 

Some manufacturers also sell chemically modified forms of agarose that gel 
and melt at low temperature without significant deterioration in the strength 
of the hardened gel Such chemically modified agaroses are used chiefly for 
preparative electrophoresis of DNA and for digestion of DNA with restriction 
enzjones in situ Special grades of low-gelhng-temperature agarose that can 
be used to analyze very small fragments of DNA (10-500 bp) are also 
available from some manufacturers CJels made with agarose of this type 
have a greater resolving power than gels made with normal agsu'ose, but the 
resolution obtained from these gels still cannot compare with the resolution 
obtained from polyacrylamide gels Furthermore, since these gels contain a 
high concentration of agarose (4-10%), DNA fragments eluted from the gel 
are frequently contaminated with inhibitors that prevent further enzsonatic 
mampulation 

Agarose gels are cast by melting the agarose m the presence of the desired 
buffer until a clear, transparent solution is achieved. The melted solution is 
then poured into a mold and allowed to harden. Upon hardening, the agarose 
forms a matrix, the density of which is determined by the concentration of the 
agarose When an electric field is applied across the gel, DNA, which is 
negatively charged at neutral pH, migrates toward the anode The rate of 
migration is determined by a number of parameters, which are discussed on 
the following pages 
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Factors Affecting the Rate of DNA Miration 
in Agarose Gels 

MOLECULAR SIZE OF THE DNA 

Molecules of linear double-stranded DNA, which tend to become oriented in 
an electric field in an end-on position (Fisher and Dingman 1971, Aaij and 
Borst 1972), migrate through gel matrices at rates that are inversely propor¬ 
tional to the logic number of base pairs (Helling et al 1974) (Figure 

6 .1) Larger molecules migrate more slowly because of greater frictional drag 
and because they worm their way through the pores of the gel less efficiently 
than smaller molecules 

AGAROSE CONCENTRATION 

A linear DNA fragment of a given size migrates at different rates through 
gels containing different concentrations of agarose There is a linear relation- 



FIGfJRE 6.1 

The relationship between the size of DNA and its electrophoretic mobility 
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TABLE 6.1 BoMtge of Separation in Gets (ktntaining 
Different Amounts of Agarose 


Amount of agarose in gel 
(% [w/v]) 

Efficient range of 
separation of linear 
DNA molecules (kb) 

03 

5-60 

06 

1-20 

07 

0 8-10 

09 

0 5-7 

12 

0 4-6 

15 

0 2-3 

20 

01-2 


ship between the logarithm of the electrophoretic mobility of DNA (jU.) and the 
gel concentration (t), which is described by the equation; 

log ja = log 

where is the free electrophoretic mobility of DNA and is the retardation 
coefficient, a constant that is related to the properties of the gel and the size 
and shape of the migrating molecules Thus, by using gels of different 
concentrations, it is possible to resolve a wide size range of DNA molecules 
(see Table 6 1) 


CONFORMATION OF THE DNA 

Superhelical circular (form I), nicked circular (form II), and Imear (form III) 
DNAs of the same molecular weight migrate through agarose gels at different 
rates (Thome 1966,1967) The relative mobilities of the three forms depend 
primarily on the agarose concentration in the gel, but they are also influenced 
by the strength of the applied current, the ionic strength of the buffer, and 
the density of superhelical twists in the form I DNA (Johnson and Grossman 
1977) Under some conditions, form I DNA migrates faster than form III 
DNA; under other conditions, the order is reversed 
An unambiguous method for identifying the different conformational forms 
of DNA IS to carry out electrophoresis in the presence of increasing quantities 
of ethidium bromide. As the concentration of ethidium bromide increases, 
more of the dye becomes bound to the DNA The negative superhelical turns 
m form I molecules are progressively removed, the radii of the molecules 
increase, and their rate of migration decreases At the cntical free-dye 
concentration, where no superhelical turns remain, the rate of migration of 
form I DNA reaches its minimum value As still more ethidium bromide is 
added, positive superhelical turns are generated, the DNA molecules become 
more compact, and their mobility increases rapidly Simultaneously, the 
mobilities of form II and form III DNA decrease differentially due to charge 
neutrahzation and the greater stiffness imparted to the DNA by the ethidium 
bromide. For most prepzu:ations of form I DNA, the cntical concentration of 
free ethidium bromide is in the range of 0 1 ju,g/ml to 0.5 ^tg/ml 
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APPLIED VOLTAGE 


At low voltages, the rate of migration of linear DNA fragments is proportional 
to the voltage applied. However, as the electric field strength is raised, the 
mobility of high-molecular-weight fragments of DNA increases differentially. 
Thus, the effective range of separation m agarose gels decreases as the 
voltage is increased. To obtain maximum resolution of DNA fragments 
greater than 2 kb in size, agarose gels should be run at no more than 5 V/ cm 

Distance is measured as the shortest path between the electrodes and is not merely the 
length of the gel itself 

DIRECTION OF THE ELECTRIC FIELD 

DNA molecules larger than 50-100 kb in length migrate through agarose 
gels at the same rate if the direction of the electric field remains constant 
However, if the direction of the electric field is altered penodically, the DNA 
molecules are forced to change course Because larger molecules of DNA take 
longer to realign themselves to the new direction of the field, pulsed-field gel 
electrophoresis can be used to fractionate populations of extremely large 
molecules of DNA (up to 10,000 kb). Pulsed-field gel electrophoresis is 
discussed in more detail beginning on page 6.50 

BASE COMPOSITION AND TEMPERATURE 

The electrophoretic behavior of DNA in agarose gels (in contrast to poly¬ 
acrylamide gels [Allet et al 1973]) is not significantly affected by either the 
base composition of the DNA (Thomas and Davis 1975) or the temperature at 
which the gel is run Thus, in agarose gels, the relative electrophoretic 
mobilities of DNA fragments of different sizes do not change between 4°C and 
30°C In general, agarose gels are run at room temperature However, gels 
containing less than 0 5% agarose and low-melting-temperature agarose gels 
are rather flimsy, and it is best to run them at 4°C, where they are stronger. 

PRESENCE OF INTERCALATING DYES 

Ethidium bromide, a fluorescent dye that is used to detect DNA in agarose 
and polyacrylamide gels (Sharp et al 1973), reduces the electrophoretic 
mobility of linear DNA by about 15% The dye intercalates between stacked 
base pairs, extending the length of linear and nicked circular DNA molecules 
and making them more ngid 

Ethidium bromide is a carcinogen and should be handled with care. All 
solutions containing ethidium bromide should be decontaminated before 
disposal (see pages 6 16-6.17) 

COMPOSITION OF THE ELECTROPHORESIS BUFFER 

The electrophoretic mobility of DNA is affected by the composition eind iomc 
strength of the electrophoresis buffer. In the absence of ions (e.g, if 
electrophoresis buffer is omitted from the gel by mistake), electrical conduc¬ 
tance IS minimal and DNA migrates very slowly, if at all. In buffers of high 
ionic strength (e.g., if lOx electrophoresis buffer is used by mistake). 
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electrical conductance is very efficient and significant amounts of heat are 
generated In the worst case, the gel melts and the DNA denatures. 

Severed different buffers are available for electrophoresis of native double- 
stranded DNA These contain EDTA (pH 8.0) and Tns-acetate (TAE), 
Tris-borate (TBE), or Tns-phosphate (TPE) at a concentration of approxi¬ 
mately 50 mM (pH 7 5-7 8) (Table 6.2) Electrophoresis buffers are usually 
made up as concentrated solutions and stored at room temperature 

For historical reasons, TAE is the most commonly used buffer. However, 
its buffering capacity is rather low, and it tends to become exhausted during 
extended electrophoresis (the anode becomes alkaline, the cathode acidic). 
Replacement of the buffer or recirculation between the two reservoirs is 
therefore advisable when carrying out electrophoresis for long penods of time 
at high current Both TPE and TBE are slightly more expensive than TAE, 
but they have significantly higher buffering capacity Double-stranded linear 
DNA fragments migrate approximately 10% faster through TAE than 
through TBE or TPE, but the resolving powers of these systems are almost 
identical, with the exception that the resolution of supercoiled DNAs is better 
in TAE than m TBE. 

The most commonly used buffer for electrophoresis of denatured single- 
stranded DNA IS 50 mN NaOH, 1 him EDTA (alkaline electrophoresis buffer; 
see Table 6.2). As discussed below, agarose cannot be melted in the presence 
of NaOH. Therefore, the agarose must be melted in water before the 
concentrated NaOH/EDTA solution is added. 


TABLE 6^ Commonigf Used Electrophoresis Butters 


Buffer 

Working 

solution 

Concentrated stock 
solution (per liter) 

Tns-acetate 

(TAE) 

lx 0 04 M Tns-acetate 

0 001 M EDTA 

50 X 242 gTns base 

57 1 ml glacial acetic acid 

100 ml 0 5 M EDTA (pH 8 0) 

Tns-phosphate 

(TPE) 

lx 009 M Tns-phosphate 

0 002 m EDTA 

lOx 108 gTris base 

15 5 ml 85% phosphoric acid (1 679 g/ml) 
40ml0 5MEDTA(pH8 0) 

Tns-borate“ 

(TBE) 

0 5 X 0 045 M Tns-borate 

0 001 M EDTA 

5 x 54 gTns base ^ 

27 5 g boric acid ' . 

20 ml 0 5 m EDTA (pH 8 0) 

Alkaline*’ 

lx 50 mN NaOH 

1 himEDTA 

lx 5ml 10 N NaOH 

2ml0 5MEDTA(pH8 0) 


“A precipitate forms when concentrated solutions of TBE are stored for long periods of time To avoid 
problems, store the 5x solution in glass bottles at room temperature and discard any batches that develop a 
precipitate 

TBE was ongmally used at a workmg strength of lx (le.al 5 dilution of the concentrated stock) for 
agarose gel electrophoresis However, a working solution of 0 5x provides more than enough buffering 
power, and almost all agarose gel electrophoresis is now carried out with a 1 10 dilution of the concentrated 
stock 

TBE is used at a workmg strength of lx for polyacrylamide gel electrophoresis (see page 6 39), twice the 
strength usually used for agarose gel electrophoresis The buffer reservoirs of the vertical tanks used for 
polyacrylamide gel electrophoresis are fairly small, and the amount of electnc current passed through them 
is often considerable lx TBE is required to provide adequate buffering power 
'’Alkaline electrophoresis buffer should be freshly made 
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Apparwhtses Vsed for Agarose Get Electrophoresis 

Because agarose gel electrophoresis is both forgiving and adaptable, many 
successful configurations and sizes of electrophoresis tanks have been de¬ 
signed during the last 15 years. The choice among these different designs is 
largely a matter of personal preference. The most commonly used configura¬ 
tion IS the horizontal slab gel, which was invented by Walter Schaffner and is 
superior to the old-fashioned vertical gels in several respects. 

• Low agarose concentrations can be used because the entire gel is supported 
from beneath 

• Gels can be cast in a wide variety of sizes 

• The gels are very simple to load, pour, and handle 

• The apparatus is durable and inexpensive to construct or buy 

Horizontal slab gels are usually poured on a glass plate or plastic tray that 
can be installed on a platform in the electrophoresis tank In a few designs, 
the gel is poured directly on the platform Electrophoresis is carried out with 
the gel submerged just beneath the surface of the buffer The resistance of 
the gel to the passage of electric current is almost the same as that of the 
buffer, and so a considerable fraction of the applied current passes along the 
length of the gel. 

Among the factors to be considered when buying an electrophoresis tank 
are 

• It should be easy to examine the gel by ultraviolet light during the run 
When the gel is poured on a glass plate or plastic tray, it can easily be 
removed, examined, and reinstalled at any stage. Most of the plastic trays 
currently supplied by commercial manufacturers are translucent to ul¬ 
traviolet light, eliminating the need to transfer the gel from its support for 
examination When the gel is poured directly on a platform within the 
tank, however, it may be more difficult to remove the gel from the tank both 
during and at the end of the run 

• The apparatus should be supplied with a variety of combs to generate 
different numbers of wells of different sizes It is an advantage if the gel ran 
accommodate two rows of wells, with at least 16 wells in each row. This 
makes it possible to analyze many samples of DNA simultaneously 

• The apparatus should be fitted with a lid containing shielded electrical 
connections It should be impossible to remove the lid while electric current 
IS flowing through the system The tank should be designed to allow easy 
replacement of corroded or broken connections and the platinum electrodes. 

T/ie apparatus should be fitted with outlets to allow electrophoresis buffer to 
be removed easily and completely In many older designs, the buffer was 
removed by inverting the tank over a sink. This is not acceptable when the 
buffer contams ethidium bromide. 

• The outlets should be designed to allow circulation of buffer between the 
ar^ic and cathodic chambers. This is important when RNA is analyzed by 
electrophoresis. 
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PREPARATION AND EXAMINATION OF AGAROSE GEIS 
Preparation of an Agarose Get 

1. Seal the edges of a clean, dry, glass plate (or the open ends of the plastic 
tray supplied with the electrophoresis apparatus) with autoclave tape so 
as to form a mold (Figure 6 2) Set the mold on a horizontal section of 
the bench (check with a level) 

2 . Prepare sufficient electrophoresis buffer (usually 1 x TAE or 0.5 x TBE; 
see Table 6 2, page 6 7) to fill the electrophoresis tank and to prepare the 
gel Add the correct amount of powdered agarose (see Table 6.1, page 
6.5) to a measured quantity of electrophoresis buffer in an Erlenmeyer 
flask or a glass bottle with a loose-fitting cap The buffer should not 
occupy more than 50% of the volume of the flask or bottle 

It IS important to use the same batch of electrophoresis buffer in both the elec¬ 
trophoresis tank and the gel Small differences in ionic strength or pH create fronts 
in the gel that can greatly affect the mobility of DNA fragments 

3. Loosely plug the neck of the Erlenmeyer flask with Kimwipes When 
using a glass bottle, make sure the cap is loose. Heat the slurry in a 
boiling-water bath or a microwave oven until the agarose dissolves 

Heat the slurry for the minimum time required to allow all of the grains of agarose 
to dissolve Wearing an oven mitt, gingerly swirl the bottle or flask from time to 
time to make sure that any grains sticking to the walls enter the solution Take 
care—the agarose solution can become superheated and may bod violently if it has 
been heated for too long in the microwave oven Undissolved agarose appears as 
small “lenses” floating in the solution Check that the volume of the solution has not 
been decreased by evaporation during boiling, replenish with water if necessary 

4. Cool the solution to 60°C, and, if desired, add ethidium bromide (from a 
stock solution of 10 mg/ml m water) to a final concentration of 0 5 /x.g/ml 
and mix thoroughly 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye. After use, these solutions should be decontaminated by one of 
the methods described on pages 6 16-6 17 

Stock solutions of ethidium bromide should be stored in light-tight containers (e g, 
in a bottle completely wrapped in aluminum foil) at room temperature 

When preparing gels that contain high concentrations of agarose (2% or above), cool 
the solution quickly to 70°C and pour the gel immediately The higher the con¬ 
centration of agarose, the quicker the gel hardens Problems caused by premature 
hardening of the gel can be avoided by using sieving grades of low-gellmg-tempera- 
ture agarose However, these grades of agarose are suitable only for anal^ical 
electrophoresis, since DNA fragments eluted from the gel are frequently contami¬ 
nated with inhibitors that prevent further enzymatic manipulation 

5 . Using a pasteur pipette, seal the edges of the mold with a small quantity 
of the agarose solution. Allow the seal to set. Position the comb 0.5-1.0 
TniTi above the plate so that a complete well is formed when the agarose is 
added If the comb is closer to the glass plate, there is a risk that the 
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FIGURE 6.3 

Diagram of a comb used to form slots in horizontal agarose gels 


base of the well may tear when the comb is withdrawn, allowing the 
sample to leak between the gel and the glass plate. 

Some combs are designed with two outer teeth slightly longer than the mtemal 
teeth When the comb is positioned above the plate, it is supported on the outer 
teeth, the inner teeth are automatically lifted clear of the glass plate (Figure 6 3) 
The disadvantage of this design is that the wells made by the outer teeth cannot be 
used during the subsequent electrophoresis 

6 . Pour the remainder of the warm agarose solution into the mold The gel 
should be between 3 mm and 5 mm thick. Check to see that there are no 
air bubbles under or between the teeth of the comb 

When preparing gels that contain low concentrations of agarose (<0 5%), first pour a 
supporting gel (1% agarose) without wells Allow this gel to harden at room 
temperature on the glass plate or plastic tray Then pour the lower-percentage gel 
directly on top of the supporting gel This reduces the chances that the lower- 
percentage gel will fracture during subsequent manipulations (photography, process¬ 
ing for Southern hybridization, etc ) Make sure that both gels are made from the 
same batch of buffer and that ethidium bromide is added to both gels or to neither 

7. After the gel is completely set (30-45 minutes at room temperature), 
carefully remove the comb and autoclave tape and mount the gel in the 
electrophoresis tank 

Gels cast with low-melting-temperature agarose and gels that contain less than 0 5% 
agarose should be chilled to 4°C and run in the cold room 

8 . Add just enough electrophoresis buffer to cover the gel to a depth of 
about 1 mm. 

9 . Mix the samples of DNA with the desired gel-loading buffer (Table 6 3) 
Slowly load the mixture into the slots of the submerged gel using a 
disposable micropipette, an automatic micropipettor, or, if you have a 
very steady hand, a pasteur pipette. 

Gtel-loadmg buffers are usually made up as sixfold concentrated solutions i:See 
Table 6 3 for the preparation of standard 6x buffers ) Tenfold concentrated solu¬ 
tions can also be prepared if needed 

The maximum amount of DNA that can be applied to a slot depends on the number 
of fragments in the sample and their sizes The mimmum amount of DNA that can 
be detected by photography of ethidium-broimde-stamed gels is about 2 ng in a 
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0 5-cm-wide band (the usual width of a slot) If there is more than 500 ng of DNA in 
a band of this width, the slot will be overloaded, resulting in trailing and smearing— 
a problem that becomes more severe as the size of the DNA increases When simple 
populations of DNA molecules (e.g., bacteriophage A or plasmid DNAs) are to be 
analyzed, 100-500 ng of DNA should be loaded per 0 5-cm slot When the sample 
consists of a very large number of DNA fragments of different sizes (e g, restriction 
digests of mammalian DNA), however, it is possible to load 20-30 fig of DNA per slot 
without significant loss of resolution 

The maximum volume of solution that can be loaded is determined by the dimen¬ 
sions of the slot (A t 3 ^ical slot [0 5 cm x 0 6 cm x 0 15 cm] will hold about 37 5 /a 1 ) 
However, to reduce the possibility of contaminating neighboring samples, it is best to 
make the gel a little thicker or to concentrate the DNA by ethanol precipitation 
rather than to fill the slot completely 

For most purposes, it is not necessary to use a fresh pipette tip for every sample as 
long as the tip is thoroughly washed with buffer from the anodic chamber between 
samples However, if the gel is to be analyzed by Southern hybridization or if bands 
of DNA are to be recovered from the gel, it is sensible to use a separate pipette tip for 
every sample 

Marker DNAs of known size (which can be purchased from commercial sources) 
should be loaded into slots on both the right and left sides of the gel This makes it 


TABLES^ 

Gehtonding Buffers 


Buffer type 

6x Buffer 

Storage 

temperature 

I 

0 25% bromophenol blue 

0 25% xylene cyanol FF 

40% (w/v) sucrose in water 

4°C 

II 

0 25% bromophenol blue 

0 25% xylene cyanol FF 

15% Ficoll (Type 400, Pharmacia) in water 

room temp 

III 

0 25% bromophenol blue 

0 25% xylene cyanol FF 

30% glycerol in water 

4°C 

IV 

0 25% bromophenol blue 

40% (w/v) sucrose in water 

4°C 

V 

Alkaline loading buffer 

300 mN NaOH 

6 mM EDTA 

18% Ficoll (Type 400, Pharmacia) in water 

015% bromocresol green 

0 25% xylene cyanol FF 

4“C 


These gel-loading buffers serve three purposes They increase the density of the sample, 
ensuring that the DNA drops evenly into the well, they add color to the sample, thereby 
simplifying the loading process, and they contain dyes that, in an electric field, move toward 
the anode at predictable rates Bromophenol blue migrates through agarose gels approximate¬ 
ly 2.2-fold faster than xylene cyanol FF, independent of the agarose concentration Bromo¬ 
phenol blue migrates through agarose gels run m 0 5x TBE at approximately the same rate as 
linear double-stranded DNA 300 bp m length, whereas xylene cyanol FF migrates at approxi¬ 
mately the same rate as linear double-stranded DNA 4 kb in length These relationships are 
not significantly affected by the concentration of agarose in the gel over the range of 0 5% to 
14 % 

Which type of loading dye to use is a matter of personal preference However, bromocresol 
green should be used as a tracking dye in alkaline gels because it displays a more vivid color 
than bromophenol blue at alkalme pH 
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easier to determine the sizes of unknown DNAs if any systematic distortion of the 
gel should occur dunng electrophoresis 

When measunng the sizes of unknown DNAs, it is important that all samples be 
applied to the gel m the same buffer The high concentrations of salt in certam 
restriction enzyme buffers (e g , SamHI or £coRI) retard the migration of DNA and 
distort the electrophoresis of DNA in the adjacent wells 

10 . Close the lid of the gel tank and attach the electrical leads so that the 
DNA will migrate toward the anode (red lead). Apply a voltage of 1—5 
V/cm (measured as the distance between the electrodes). If the leads 
have been attached correctly, bubbles should be generated at the anode 
and cathode (due to electrolysis) and, within a few minutes, the bromo- 
phenol blue should migrate from the wells into the body of the gel. Run 
the gel until the bromophenol blue and xylene cyanol FF have migrated 
the appropriate distance through the gel 

During electrophoresis, the ethidium bromide migrates toward the cathode (in the 
direction opposite to that of the DNA) Extended electrophoresis can remove much 
of the ethidium bromide from the gel, making detection of small fragments difficult 
If this occurs, restam the gel by soakmg it for 30—45 minutes in a solution of 
ethidium bromide (0 5 ju.g/ml) as described on page 6 15 

The presence of ethidium bromide allows the gel to be examined by ultraviolet 
illumination at any stage during electrophoresis However, some people feel that 
sharper bands of DNA are obtained when the gel is run m the absence of the dye In 
this case, after electrophoresis is completed, stain the gel by soaking it for 30-45 
minutes in a solution of ethidium bromide (0 5 /xg/ml) as described on page 6 15 

11. Turn off the electric current and remove the leads and lid from the gel 
tank If ethidium bromide was present in the gel and electrophoresis 
buffer, examine the gel by ultraviolet light and photograph the gel as 
described on page 6 19. Otherwise, stain the gel with ethidium bromide 
as described on page 6.15 and then photograph. 

Solutions containing ethidium bromide should be decontammated by one of the 
methods described on pages 6 16—6 17 before they are discarded 
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Minigeta 


During the last 5 years, methods have been developed for analyzing small 
quantities of DNA very rapidly by using miniature agarose gels Several 
types of miniature electrophoresis tanks are manufactured commercially. 
Because of the rather delicate milling involved in shaping the tiny combs and 
other parts, these tanks are quite expensive However, inexpensive versions 
can be constructed easily in the laboratory 

A convenient electrophoresis chamber for submerged mmigels is a small (2 
1/2 inches x 6 1/2 mches) polystyrene snap-lock box Four inches of 
platinum wire are required for each of the two electrodes, which are glued in 
place with silicone rubber cement. A platform composed of four 5-cm x 
7.5-cm lantern slides glued together in a stack is cemented in the center of 
the box (Figure 6.4) 

The gels themselves, consisting of 10-12 ml of melted agarose solution 
(0.5-2 0%) containing ethidium bromide (0 5 /itg/ml), are poured on 5-cm x 
7 5-cm lantern slides using a disposable 10-ml pipette The solution flows 
better when the pipette tip is broken off. Each gel can accommodate eight 
slots, 2.5 mm long x 1 mm wide, which are formed by using a miniature 
Lucite comb of standard design. Several gels may be prepared simultaneous¬ 
ly by mounting a long gel comb across slides placed side by side on a sheet of 
Parafilm 

Ethidium bromide is almost always included to reduce the time required 
between ending the run and seeing the result By having a large number of 
lantern slides on hand, many gels can be poured at once After hardening, 
the gels are wrapped in Saran Wrap, labeled (with the date and the concen¬ 
tration of the agarose), and stored in a drawer in the dark at room tempera¬ 
ture Either the whole minigel may be used at once or as many lanes as are 



FIGURE e.4 

A imiugel apparatus that can be constructed inexpensively m the laboratory. 
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required may simply be cut from the gel with a razor blade and carefully 
transferred to the electrophoresis apparatus 

Each gel slot holds 3-12 fil of fluid, depending on the thickness of the gel 
and the width of the teeth of the comb Usually, 10-100 ng of DNA, in the 
gel-loading buffer of choice, are applied to a slot The gel is run for 30—60 
minutes at high voltage (5—20 V/cm) until the bromophenol blue and xylene 
cyanol FF have migrated the appropriate distance. The gel is then photo¬ 
graphed as described on page 6.19. 

Mmigels are particularly useful when a rapid answer is required before the 
next step in a cloning protocol can be undertaken Because the wells are 
smaller and the gels are thinner, less DNA than normal is required for 
visualization. Also, because the gels can be prepared in advance and run 
rapidly and because they require smaller amounts of reagents, there are 
considerable savings in both time and money. However, mmigels are best 
suited for the analysis of small DNA fragments (<3 kb). Larger fragments 
are resolved poorly because of the high voltages that are generally used and 
the comparatively short length of the gel 

Sininimg ItNA in Agarose Gels 

The most convenient method to visualize DNA in agarose gels is staining 
with the fluorescent dye ethidium bromide (Sharp et al 1973) This sub¬ 
stance contains a planar group that intercalates between the stacked bases of 
DNA. The fixed position of this group and its close proximity to the bases 
cause dye bound to DNA to display an increased fluorescent yield compared 
to that of dye m free solution Ultraviolet radiation at 254 nm is absorbed by 
the DNA and transmitted to the dye, radiation at 302 nm and 366 nm is 
absorbed by the bound dye itself In both cases, the energy is re-emitted at 
590 nm m the red-orange region of the visible spectrum Because the 
fluorescent yield of ethidium bromide DNA complexes is much greater than 
that of unbound dye, small amounts of DNA can be detected m the presence 
of free ethidium bromide m the gel 

Ethidium bromide can be used to detect both single- and double-stranded 
nucleic acids (both DNA and RNA) However, the affinity of the dye for 
single-stranded nucleic acid is relatively low and the fluorescent yield is 
comparatively poor 

Ethidium bromide is usually prepared as a stock solution of 10 mg/ml m 
water, which is stored at room temperature in dark bottles or bottles 
wrapped in aluminum foil The dye is usually incorporated into the gel and 
the electrophoresis buffer at a concentration of 0 5 ptg/ml. Although the 
electrophoretic mobility of linear double-stranded DNA is reduced by approxi¬ 
mately 15% in the presence of the dye, the ability to examine the gel directly 
under ultraviolet illumination during or at the end of the run is often a great 
advantage However, the gel may also be run in the absence of ethidium 
bromide and stained after electrophoresis is complete In this case, the gel is 
immersed m electrophoresis buffer or water containing ethidium bromide (0 5 
ju,g/ml) for 30-45 minutes at room temperature. Destaining is not usually 
reqmred However, detection of very small amounts (<10 ng) of DNA is 
made easier if the background fluorescence caused by unbound ethidium 
bromide is reduced by soaking the stamed gel in water or 1 niM MgS 04 for 20 
minutes at room temperature. 
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DecotUamintMon of Ethidium Bromide SoiuUotis 

Caution: Ethidium bromide is a powerful mutagen and is moderately toxic 
Gloves should be worn when working with solutions that contain this dye 
After use, these solutions should be decontaminated by one of the methods 
described below 

DECONTAMINATION OF CONCENTRATED SOLUTIONS OF ETHIDIUM BROMIDE 
(i.e., solutions containing >0.5 mg/ml) 

Method 1 

This method (Lunn and Sansone 1987) reduces the mutagenic activity of 
ethidium bromide in the SaZmoncZZa/microsome assay by approximately 
200-fold. 

1 . Add sufficient water to reduce the concentration of ethidium bromide to 
<05 mg/ml 

2. To the resulting solution, add 0.2 volume of fresh 5% hypophosphorous 
acid and 0 12 volume of fresh 0.5 m sodium nitrite Mix carefully 

Important: Check that the pH of the solution is < 3 0 

Hypophosphorous acid is usually supplied as a 50% solution, which is corrosive and 
should be handled with care It should be freshly diluted immediately before use 

Sodium nitnte solution (0 5 M) should be freshly prepared by dissolving 34 5 g of 
sodium nitnte in water to a final volume of 500 ml 

3. After incubation for 24 hours at room temperature, add a large excess of 1 
M sodium bicarbonate The solution may now be discarded 

Method 2 

This method (Quillardet and Hofnung 1988) reduces the mutagenic activity 
of ethidium bromide m the Salmonella/microsome assay by approximately 
3000-fold. However, there are reports (Lunn and Sansone 1987) of mutagenic 
activity in occasional batches of “blanks” treated with the decontaminating 
solutions. 

1. Add sufficient water to reduce the concentration of ethidium bromide to 
< 0.5 mg/ml. 

2. Add 1 volume of 0.5 m K!VIn 04 . carefully, and then add 1 volume of 
2 5 N HCl. Mix carefully, and allow the solution to stand at room 
temperature for several hours 

3. Add 1 volume of 2 5 n NaOH. Mix carefully, and then discard the solution. 
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DECONTAMINATION OF DILUTE SOLUTIONS OF ETHIDIUM BROMIDE 
(e.g., electrophoresis buffer containing 0.5 ethidium bromide) 

Method 1 

The following method is from Lunn and Sansone (1987). 

1. Add 2 9 g of Amberlite XAD-16 for each 100 ml of solution. Amberlite 
XAD-16, a nonionic, polymeric absorbent, is available from Rohm and 
Haas. 

2. Store the solution for 12 hours at room temperature, shaking it intermit¬ 
tently 

3. Filter the solution through a Whatman No. 1 filter, and discard the 
filtrate 

4. Seal the filter and Amberlite resin in a plastic bag, and dispose of the bag 
in the hazardous waste. 

Method 2 

The following method is from Bensaude (1988) 

1. Add 100 mg of powdered activated charcoal for each 100 ml of solution 

2. Store the solution for 1 hour at room temperature, shaking it intermit¬ 
tently 

3. Filter the solution through a Whatman No. 1 filter, and discard the 
filtrate 

4. Seal the filter and activated charcoal in a plastic bag, and dispose of the 
bag in the hazardous waste. 

Notes 

1 . Treatment of dilute solutions of ethidium bromide with hypochlorite 
(bleach) is not recommended as a method of decontamination Such 
treatment reduces the mutagenic activity of ethidium bromide in the 
Salmonella I micvosome assay by about 1000-fold, but it converts the dye 
into a compound that is mutagenic in the absence of microsomes (Quillar- 
det and Hofhimg 1988). 

li Ethidium bromide decomposes at 262°C and is unlikely to be hazardous 
after incineration under standard conditions. 

ui. Slurries of Amberlite XAD-16 or activated charcoal can be used to 
decontaminate surfaces that become contaminated by ethidium bromide. 
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FIGVKE 6.S 

Photography of gels by ultraviolet illumination The top diagram shoivs the arrange¬ 
ment of the ultraviolet light source, the gel, and the camera that is used for 
photography by transmitted light The bottom Vagram shows the arrangement that 
IS used for photography by inadent hght 
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Photography 

Photographs of gels may be made using transmitted or mcident ultraviolet 
light (Figure 6 5) Most commercially available ultraviolet light sources emit 
ultraviolet light at 302 nm The fluorescent yield of ethidium bromide:DNA 
complexes is considerably greater at this wavelength than at 366 nm and 
slightly less than at short-wavelength (254 nm) light However, the amount 
of nicking of the DNA is much less at 302 nm than at 254 nm. 

The most sensitive film is Polaroid Type 57 or 667 (ASA 3000) With an 
efficient ultraviolet light source (> 2500 /iW/cm^), a Wratten 22A filter, and a 
good lens (/*= 135 mm), an exposure of a few seconds is sufficient to obtain 
images of bands containing as little as 10 ng of DNA With a long exposure 
time and a strong ultraviolet light source, the fluorescence enutted by as little 
as 1 ng of DNA can be recorded on film. For detection of extremely faint 
bands, a lens with a shorter focal length {f=75 mm) should be used m 
combination with conventional wet-process film (eg., Eastman Kodak No 
4155) This allows the lens to be moved closer to the gel, concentrates the 
image on a smaller area of film, and allows for flexibility m developing and 
printing the image. 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes. To 
minimize exposure, make sure that the ultraviolet light source is adequately 
shielded and wear protective goggles or a full safety mask that efficiently 
blocks ultraviolet light 
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Alkaline Agarose €rels 

Alkaline agarose gels (McDonell et al. 1977) are used to analyze single- 
stranded DNA. In particular, they are used for the following purposes: 

• To analyze the size of the cDNA strand m nuclease-Sl-resistant DNA:RNA 
hybrids (see Favaloro et al. 1980) 

• To check the size of the first and second strands of cDNA synthesized by 
reverse transcriptase 

• To check for nicking activity in enzyme preparations used for molecular 
cloning 

• To calibrate the reagents used in nick translation of DNA 

Because the addition of NaOH to a hot agarose solution causes hydrolysis 
of the polysaccharide, the agarose is melted in a neutral, unbuffered solution 
(usually water) and equilibrated m alkaline electrophoresis buffer before the 
gel IS poured Formamide and urea are not used as denaturants because they 
cause agarose gels to become rubbery 

1. Add the correct amount of powdered agarose (see Table 6.1, page 6 5) to a 
measured quantity of water in an Erlenmeyer flask or a glass bottle with a 
loose-fitting cap 

2. Loosely plug the neck of the Erlenmeyer flask with Kimwipes When 
using a glass bottle, make sure the cap is loose Heat the slurry in a 
boiling-water bath or a microwave oven until the agarose dissolves 

Heat the slurry for the minimuni time required to allow all of the grains of agarose to 
dissolve Weanng an oven mitt, gingerly swirl the bottle or flask from time to time to 
make sure that any grams sticking to the walls enter the solution Take care—the 
agarose solution can become superheated and may boil violently if it has been heated 
for too long in the microwave oven Undissolved agarose appears as small “lenses” 
floating in the solution Check that the volume of the solution has not been decreased 
by evaporation during boiling, replenish with water if necessary 

3. Cool the solution to SO'C Add NaOH to 50 mM and EDTA (pH 8.0) to 1 
mM, and then pour the gel as descnbed on page 6.11 After the gel is 
completely set, mount it m the electrophoresis tank and add 1 x alkaline 
electrophoresis buffer (see Table 6 2, page 6.7) until the gel is just covered. 

Ethidium bromide is always omitted from alkaline agarose gels because it does not 
bind to DNA at high pH 

4. Precipitate the samples of DNA to be analyzed with 2 volumes of ethanol 
at 0“C, and dissolve the precipitate in 10-20 /tl of 50 iun NaOH, 1 mM 
EDTA. Add 0 2 volume of 6 x alkaline loading buffer (see Table 6 3, page 
6.12). Alternatively, if the volumes of the original DNA samples are small 
(<15 /il), add EDTA (pH 8.0) to a final concentration of 10 ium followed by 
0 2 volume of 6 x alkaline loadmg buffer 

5. Load the DNA samples dissolved in 6 x alkaline loading buffer into the 
wells of the gel as descnbed on page 6.11. Carry out electrophoresis until 
the dye has migrated approidmately two thirds of the length of the gel. 
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Alkaline gels draw more current than neutral gels at comparable voltages, and they 
heat up during the run Alkaline agarose electrophoresis should therefore be earned 
out at voltages of < 0 25 V/cm 

Because bromocresol green diffuses rapidly out of alkaline gels into the elec¬ 
trophoresis buffer, a glass plate should be placed directly on top of the gel after the 
dye has migrated out of the loading slot The alkaline electrophoresis buffer also 
causes the gel to detach from the baseplate and to float free in the buffer The weight 
of the upper plate helps to hold the gel in place 

6. In many cases, DNA analyzed by alkaline agarose gel electrophoresis is 
labeled with which can be detected by autoradiography. At the end of 
the run, remove the gel from the tank and soak it in 7% trichloroacetic 
acid (TCA) for 30 minutes at room temperature. After soaking, mount the 
gel on a glass plate and dry it for several hours under layers of paper 
towels weighted with another glass plate, or dry it under vacuum on a gel 
dryer Heat should not be used because of the possibility of melting the 
gel. Cover the dried gel with Saran Wrap and attach adhesive dot labels 
marked with radioactive ink to align the film with the gel Cover the 
labels with Scotch Tape This prevents radioactive contamination of the 
film holder or intensifying screen Autoradiograph the gel at room 
temperature or at -70°C with an intensifying screen (see Appendix E) 

If a fragment is to be recovered from an alkaline agarose gel, do not soak the gel in 7% 
TCA Instead, either autoradiograph the wet gel (using adhesive labels marked with 
radioactive ink to align the film and the gel) or neutralize the gel by soaking it in 1 M 
Tns Cl (pH 7 6), 15 M NaCl for 45 minutes followed by staining with 0 5 /xg/ml 
ethidium bromide mix TAE The band of interest can then be sliced from the gel 
and subsequently eluted by one of the procedures described on pages 6 22-6 31 

Drying the gel greatly improves the sharpness of the autoradiographic image and 
slightly increases the sensitivity because of the elimination of quenching However, if 
there is sufficient radiolabel in the DNA and the sharpness of the bands is not a major 
concern, the gel can be autoradiographed without drying After completion of 
electrophoresis, place the gel on a glass plate Slide the gel and plate carefully into a 
thin plastic bag (e g, Sears Seal-A-Meal), squeeze the air from the bag, and seal the 
top of the bag in a heat sealer Alternatively, wrap the gel and backing plate in Saran 
Wrap This procedure is less satisfactory because radioactive fluid tends to ooze out of 
the Saran Wrap during autoradiography Apply adhesive labels marked with radioac¬ 
tive ink to the outside of the plastic bag or Saran Wrap In a darkroom, tape the 
sealed gel to a piece of X-ray film (Kodak XAR-2 or equivalent) cut to the same size as 
the glass plate Do not use a metal film cassette (which may break the glass plate and 
crush the gel) Instead, wrap the gel and film m light-tight aluminum foil Expose the 
film for an appropriate period of time (see Appendix E) 

Radioactive ink is made by mixing a small amount of with waterproof black ink 
We find it convenient to make the ink in three grades very hot ( > 2000 cps on a 
hand-held minimomtor), hot ( > 500 cps on a hand-held mmimonitor), and cool ( > 50 
cps on a hand-held mmimonitor) Use a fiber-tip pen to apply ink of the desired 
hotness to the adhesive labels Attach radioactive-wammg tape to the pen and store it 
in an appropriate place 

If the DNA IS unlabeled, the gel should be soaked for 45 minutes m 
neutralizing solution (1 m Tris • Cl [pH 7 6], 1 5 m NaCl) The DNA can then 
be transferred to a nitrocellulose filter as described in Chapter 9, pages 
9.34-9.41, and detected by hybridization to an appropriate ^^P-labeled probe. 
Alternatively, the DNA can be transferred directly from the alkaline agarose 
gel to a nylon membrane (see Chapter 9, pages 9 45—9.46). 
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MtECOVERTAXD PVMOFICATION OF DNA FMtACJJOXAXED 
ON AGAROSE GELS 


Although many methods have been developed over the years to recover DNA 
from gels, none has proved entirely satisfactory. Among the problems are’ 

• The presence of inhibitors of enzymatic reactions. In the past, most grades 
of agarose were contaminated with poorly characterized polysaccharides, 
which are extracted from the gel together with the DNA These substances 
are potent inhibitors of many of the enzymes commonly used in subsequent 
cloning steps. Although improvements in the quality of agarose over the 
past few years have reduced this problem considerably, there are still 
occasions when DNA is recovered m an unreactive form. 

• Inefficient recovery of large fragments of DNA. The efficiency with which 
DNA is recovered from agarose gels is a function of its molecular weight 
Although most methods give reasonable yields of DNA fragments that are 
less than 5 kb m length (> 50%), none of them is entirely satisfactory for 
the recovery of larger fragments. As the size of the DNA fragments 
increases, the yield progressively decreases, especially when the DNA is 
purified by methods that involve binding to a solid matrix such as DEAE- 
Sephacel or DEAE-cellulose membrane Larger fragments bind more 
tenaciously to such supports and are more difficult to elute 

• Inefficient recovery of small amounts of DNA The smaller the amount of 
DNA applied to the gel, the lower the yield of purified fragments. In some 
methods, the loss of material is so great that it is not worthwhile attempt¬ 
ing to recover bands that contain less than 500 ng of DNA 

• Inability to recover a number of different fragments simultaneously. Several 
of the techniques are labor-intensive and consist of many individual ma- 
mpulations The number of fragments that can be processed at any one 
time is therefore limited. 

Of the many techniques available to recover DNA from gels, we have 
chosen to present the followmg three, which are the most reliable in our 
hands. 

• Electrophoresis onto DEAE-cellulose membrane 

• Electroelution into dialysis bags 

• Low-meltmg-temperature agarose gels 

Although these three techniques collectively meet all of the desired criteria, 
no single technique meets them all. Electrophoresis onto DEAE-cellulose 
membrane is a relatively simple techmque that can be performed simulta¬ 
neously on many samples and consistently gives high 3 nelds of fragments 
between 500 bp and 5 kb in length The DNA recovered from the membrane 
IS of high punty and can be used for the most de man ding tasks (e.g., the 
production of lines of transgenic mice) Electroelution into dialysis bags is by 
far the most mconvement of these techniques; however, it is also the most 
effective for the recovery of large fragments of DNA (> 5 kb in length). The 
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recovery of DNA from gels cast with low-meltmg-temperature agarose is less 
reproducible than the other two methods, but this method has the advantage 
that certain enzyme reactions (e g, digestion with restriction enzymes and 
ligation) can be carried out directly m the melted gel 
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Electrophoresis onto DEAE-ceUntose Membrane 

In this method, fragments of DNA are separated by electrophoresis through 
an agarose gel of the appropriate concentration A slit is then cut in the gel 
immediately ahead of the DNA fragment(s) of interest and a sliver of 
DEAE-cellulose membrane (eg., Schleicher and Schuell NA-45) is mserted 
into the slit. Electrophoresis is continued until all of the DNA in the band 
has been collected onto the membrane. The membrane is then removed from 
the slit and washed free of contammants in a buffer of low ionic strength. 
Finally, the DNA is eluted from the membrane m a buffer of high ionic 
strength. 

The following protocol is based on the procedure of Girvitz et al. (1980), 
who used a dialysis membrane to trap the DNA The original procedure was 
later modified by Dretzen et al. (1981), who replaced the dialysis membrane 
with DEAE paper However, the recovery of DNA is much more efficient 
when a DEAE-cellulose membrane is used. The procedure is very simple, can 
be applied to many fragments simultaneously, and yields DNA that is 
extremely pure. DNA prepared by this method can therefore be used for such 
demanding tasks as microinjection of fertilized mouse eggs. Although the 
method is very efficient for DNA molecules that are less than 5 kb in length, 
larger DNA molecules are eluted from the membrane with progessively 
decreasmg efficiency The method is therefore unsuitable for DNA fragments 
larger than 15 kb in size. Electrophoresis onto DEAE-cellulose membrane 
also cannot be used to isolate single-stranded DNAs, which are difficult to 
elute from the membrane. 

1. Digest an amount of DNA that will 3 rield at least 100 ng of the frag¬ 
ments) of interest Separate the fragments by electrophoresis through 
an agarose gel of the appropriate concentration that contains 0 5 /rg/ml 
ethidium bromide Locate the band of interest with a hand-held, long- 
wavelength ultraviolet lamp This minimizes radiation damage to the 
DNA. 

Cautions: Ultraviolet radiation is dangerous, particularly to the eyes 
To minimize exposure, make sure that the ultraviolet light source is 
adequately shielded and wear protective goggles or a full safety mask 
that efficiently blocks ultraviolet light 
Ethidium bromide is a powerful mutagen and is moderately toxic 
Gloves should be worn when working with solutions that contain this 
dye. After use, these solutions should be decontaminated by one of the 
methods described on pages 6.16-6 17. 

2. Using a sharp scalpel or razor blade, make an incision in the gel directly 
in front of the leadmg edge of the band of interest and about 2 mnn wider 
than the band on each side, 

If DNA IS to be eluted from an entire lane (e g, a restriction digest of mammalian 
genomic DNA), make the incision in the gel parallel to the lane of mterest and place 
a single long piece of DEAE-cellulose membrane (prepared as in step 3) mto the 
inasion Reorient the gel so that the DNA can be transferred electrophoretically 
from the gel to the membrane After electrophoresis, remove the membrane and cut 
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it into segments Elute DNA of the desired size from the appropriate segmeiit(s) of 
the membrane (see below) 

3. Wearing gloves, cut a piece of DEAE-cellulose membrane (e.g, Schleicher 
and Schuell NA-45) that is the same width as the incision and slightly 
deeper (1 mm) than the gel. Soak the membrane for 5 minutes in 10 him 
EDTA (pH 8 0). Replace the EDTA with 0 5 n NaOH, and soak the 
membrane for a further 5 minutes. Wash the membrane six times in 
sterile water The strips may be stored at 4°C in sterile water for several 
weeks after they have been activated 

Do not use larger pieces of membrane than necessary, since this reduces the 
efficiency with which DNA can be eluted 

4. Using blunt-ended forceps (e g , Milhpore forceps), hold apart the walls of 
the incision and insert the membrane into the slit 

5. Remove the forceps and close the incision, being careful not to trap air 
bubbles 

6. Resume electrophoresis (5 V/cm) until the band of DNA has migrated 
onto the membrane Follow the progress of the electrophoresis with a 
hand-held, long-wavelength ultraviolet lamp 

Electrophoresis should be continued for the minimum time necessary to transfer the 
DNA from the gel to the membrane Extended electrophoresis can result in cross 
contamination with other DNA fragments (see below) or unnecessary accumulation 
of contaminants from the agarose To monitor the progress of the electrophoresis in 
a convenient and inexpensive way, cover the gel with a cardboard box that contains 
an armhole on one side for a hand-held ultraviolet lamp and a small hole on the top 
for visualization 

To minimize the chances of contamination with unwanted species of DNA, either 

• cut out a segment of gel containing the band of interest and transfer it to a hole of 
the appropriate size cut in another region of the gel far from any other species of 
DNA, or 

• insert a second piece of membrane above the band of interest to trap unwanted 
species of DNA 

7. When all of the DNA has left the gel and is trapped on the membrane, 
turn off the electric current Using blunt-ended forceps, remove the 
membrane from the gel and rinse it in 5-10 ml of low-salt wash buffer at 
room temperature This removes pieces of agarose from the mem¬ 
brane 

Do not allow the membrane to dry, otherwise, the DNA becomes irreversibly 
bound 


Low-salt wash buffer 

50 mM Tris • Cl (pH 8.0) 

0.15 M NaCl 

10 niM EDTA (pH 8.0) 
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8. Transfer the membrane to a microfuge tube. Add enough high-salt 
elution buffer to cover the membrane completely. The membrane should 
be crushed or folded gently, but not tightly packed. Cap the tube and 
incubate for 30 minutes at 65°C Check the tube from time to time to 
ensure that the membrane does not expand above the level of the buffer. 


High-salt elution buffer 

50 lUM Tris • Cl (pH 8.0) 
1 M NaCl 

10 mM EDTA (pH 8.0) 


9. Transfer the flmd to a fresh microfuge tube Add a second aliquot of 
high-salt elution buffer to the membrane, and incubate for a further 15 
minutes at 65°C Combine the two aliquots of high-salt buffer Check 
that the membrane no longer contains a visible smear of ethidium- 
bromide-stained DNA Discard the used membrane 

10. Extract the eluate once with phenol.chloroform Transfer the aqueous 
phase to a fresh microfuge tube, and add 0.2 volume of 10 m ammonium 
acetate and 2 volumes of ethanol at 4‘’C. Store the mixture for 10 
minutes at room temperature, and recover the DNA by centrifugation at 
12,000g for 20 minutes at room temperature in a microfuge Carefully 
rinse the pellet with 70% ethanol, and then redissolve the DNA in 3-5 (A 
ofTE (pH 7.6) 

The addition of 10 /ig of earner RNA before precipitation may improve the recovery 
of small amounts of DNA However, before adding the RNA, make sure that the 
presence of RNA will not compromise any subsequent reactions with the DNA 
Gamer RNA can be prepared by dissolving commercially available yeast tRNA at 
a concentration of 10 mg/ml in stenle TE (pH 7 6) containing 0 1 M NaCl The 
solution is then extracted twice with phenol (equilibrated in Tns Cl [pH 7 6] [see 
Appendix B]) and twice with chloroform, and the RNA is precipitated with 2 5 
volumes of ethanol at room temperature The RNA is recovered by centrifugation at 
5000g for 15 minutes at 4''C, redissolved at a concentration of 10 mg/ml in sterile TE 
(pH 7 6), divided mto small aliquots, and stored at -20°C 

When exceptionally pure DNA is required (e g, for microinjection of mouse eggs), 
reprecipitate the DNA with ethanol as follows Resuspend the precipitate m 200 p,! 
of TE (pH 7 6), add 25 pi of 3 M sodium acetate (pH 5 2), and reprecipitate the DNA 
with 2 volumes of ethanol at 4°C Recover the DNA by centrifugation (12,000g for 15 
minutes at 4°C should be adequate in most cases) Carefully rinse the pellet with 
70% ethanol, and then redissolve the DNA in 3-5 pi of TE (pH 7 6) 

11. Check the amount and quality of the DNA by gel electrophoresis. 

a Mix a small aliquot (estimated to contam 50 ng) of the final prepa¬ 
ration of the fragment with 10 fil of TE (pH 7 6), and add 2 p,l of the 
desired gel-loading buffer (see Table 6.3, page 6.12) 

b Load and run an agarose gel of the appropriate concentration, using 
as markers appropriate restriction digests of known quantities of the 
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original DNA. The isolated fragment should comigrate with the 
correct fragment in the restriction digest 

c. Examme the gel carefully for the presence of faint fluorescent bands 
that sigmfy the presence of contaminating species of DNA It is often 
possible to estimate the amount of DNA m the final preparation from 
the relative intensities of fluorescence of the fragment and the 
markers. 
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mectroetuHon into JHalysU Bags 

Although this technique allows the recovery of a wide size range of DNAs, it 
is very inconvenient. It should therefore be used only when it is necessary to 
isolate large fragments of DNA (> 5 kb in length) that are inefficiently 
recovered by other techniques. 

1 . Digest an amount of DNA that will yield approximately 1 fxg of the 
fragment(s) of interest. Separate the fi-agments by electrophoresis 
through an agarose gel of the appropriate concentration that contains 0 5 
/ig/ml ethidium bromide Locate the band of interest with a hand-held, 
long-wavelength ultraviolet lamp This minimizes radiation damage to 
the DNA. 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes. 
To m ini m ize exposure, make sure that the ultraviolet light source is 
adequately shielded and wear protective goggles or a full safety mask 
that efficiently blocks ultraviolet light 

2. Using a sharp scalpel or razor blade, cut out a slice of agarose containing 
the band of interest, and place it on a troughlike spatula that has been 
wetted with 1 x TAE electrophoresis buffer (see Table 6.2, page 6 7). 

Cut the smallest slice of agarose possible in order to reduce the amount of contami¬ 
nation of DNA with inhibitors 

3. After cutting out the band, photograph the gel as described on page 6.19 
so that there is a record of which band was eluted 

4. Seal one end of a piece of dialysis tubing with a dialysis clip (see 
Appendix E for preparation of dialysis tubing) Fill the dialysis bag to 
overflowing with 1 x TAE Holding the neck of the bag, use the spatula 
to transfer the slice of agarose into the buffer-filled bag. 

5. Allow the gel slice to sink to the bottom of the bag Remove most of the 
buffer, leaving just enough to keep the gel slice in constant contact with 
the buffer. Then clip the bag just above the gel slice; avoid trapping air 
bubbles (Figure 6.6) 

6. Immerse the bag in a shallow layer of 1 x TAE in an electrophoresis 
tank Pass electric current through the bag (usually 4-5 V/cm for 2-3 
hours) Dunng this time, the DNA is electroeluted out of the gel and 
onto the inner wall of the bag The process can be conveniently 
monitored with a hand-held, long-wavelength ultraviolet lamp if suffi¬ 
cient DNA is available 

7. Reverse the polarity of the current for 1 minute to release the DNA from 
the wall of the bag. Recover the bag from the electrophoresis chamber, 
and gently massage the side of the bag where the DNA accumulated to 
remove the DNA from the wall. The process can be followed with a 
hand-held, long-wavelength ultraviolet lamp if sufficient DNA is 
available. 
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8. Open the bag, and carefully transfer all of the buffer surrounding the gel 
slice to a fresh disposable plastic tube. Using a pasteur pipette, wash out 
the bag with a small quantity of 1 x TAE, and add the wash to the tube. 

9. Stain the gel slice by immersing it m 1 x TAE containmg ethidium 
bromide (0 5 /ig/ml) for 30-45 minutes at room temperature Examine 
the stained slice by ultraviolet illumination to confirm that all the DNA 
has eluted 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described on pages 6.16-6 17 

10. Purify the DNA either by passage through DEAE-Sephacel (see pages 
6 32-6.33) or by extraction with organic solvents (see pages 6 34-6.35). 




JFVdJJSJE 

This method of dialysis was originally described by McDonell et al (1977) 
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Recovery of DMA from Low-metting-tei^erature Agarose Geis 

A number of types of agarose are available in which hydroxyethyl groups 
have been introduced into the polysaccharide cham. This substitution causes 
the agarose to gel at approximately 30°C and to melt at approximately 
65®C—well below the melting temperature of most double-stranded DNAs 
These properties have been exploited to develop a simple technique for the 
recovery of DNA from gels (Wieslander 1979; Parker and Seed 1980) 

1. Pour a gel containing the appropriate concentration of low-melting- 
temperature agarose as described on pages 6.9-6 11 When the gel has 
cooled to room temperature, transfer it and its supportmg glass plate to a 
horizontal surface in a cold room to ensure that the gel sets completely 

2. Mix the samples of DNA with gel-loading buffer (see Table 6 3, page 6 12), 
load onto the gel, and carry out electrophoresis at 4°C to ensure that the 
gel does not melt during the run 

DNA of a pven size runs slightly faster through gels cast with low-melting-tempera- 
ture agarose than through conventional agarose gels 

3. Locate the band of interest using a hand-held, long-wavelength ultraviolet 
lamp. This minimizes radiation damage to the DNA 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes To 
minimize exposure, make sure that the ultraviolet light source is 
adequately shielded and wear protective goggles or a full safety mask that 
efficiently blocks ultraviolet light 

4. Using a sharp scalpel or razor blade, cut out a slice of agarose containing 
the band of interest and transfer it to a clean, disposable plastic tube 

Cut the smallest slice of agarose possible m order to reduce the amount of contamina¬ 
tion of DNA with inhibitors 

5. After cutting out the band, photograph the gel as described on page 6.19 so 
that there is a record of which band was eluted 

6. Add about 5 volumes of 20 mM Tris Cl (pH 8 0), 1 him EDTA (pH 8 0) to 
the slice of agarose Close the top of the tube and incubate for 5 minutes 
at 65°C to melt the gel 

7. Cool the solution to room temperature, and then add an equal volume of 
phenol, equilibrated to pH 8 0 with 01 m Tns • Cl. Vortex the mixture for 
20 seconds, and then recover the aqueous phase by centrifugation at 4000g 
for 10 minutes at 20°C. The white substance at the interface is powdered 
agarose. Re-extract the aqueous phase once with phenohchloroform and 
once with chloroform. 

8. Transfer the aqueous phase to a polystyrene centrifuge tube, and add 0.2 
volume of 10 M ammonium acetate and 2 volumes of ethanol at 4°C. Store 
the mixture for 10 minutes at room temperature, and then recover the 
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DNA by centrifugation (e.g, at 5000 rpm for 20 minutes at 4°C in a Sorvall 
RT6000 centrifuge) Usually, the DNA is now pure enough to serve as a 
substrate for restriction endonucleases, ligases, etc. However, if neces¬ 
sary, the DNA can be further purified by passage through DEAE-Sephacel 
(see pages 6 32—6 33) 

Notes 

i Because low-meltmg-temperature agarose remains fluid at 37°C, en- 
Z5mriatic manipulations (such as ligation, s3Tithesis of radioactive probes, 
and digestion with restriction enzymes) can be earned out by adding 
portions of the melted gel slice directly to the reaction mixture (Parker 
and Seed 1980, Struhl 1985) (see, e g, Chapter 1, pages 1 72—1.73) 

11 Recently an alternative method has been described to recover DNA from 
gels cast with low-melting-temperature agarose (Burmeister and Lehrach 
1989) Because this method is gentle, it is extremely useful for the 
isolation of high-molecular-weight DNA However, it also works well for 
smaller DNA fragments In bnef 

a Incubate a segment of gel containing the DNA of interest for 30 
minutes at room temperature in 20 volumes of 10 mM Tns (pH 7.6), 5 
mM EDTA (pH 8 0), 0 1 m NaCl 

b Transfer the segment of gel to a fresh tube contaming a volume of 10 
mM Tns (pH 7.6), 5 mM EDTA (pH 8.0), 0 1 MNaCl approximately equal 
to that of the gel slice. 

c Add DNAase-free agarase (available from CalBiochem). Use approxi¬ 
mately 2 units of agarase per 100 ftl of gel 

d. Incubate the tube for 12-16 hours at 37'’C Dunng this time the 
agarose is digested to ohgosacchandes If desired, the DNA solution 
may be used directly at this stage for ligation, restnction enzyme 
digestion, and transformation. Alternatively, the DNA may be purified 
and concentrated as desenbed m e 

e Extract the solution twice with phenol After the second extraction, 
transfer the aqueous phase to a fresh tube and add 2 volumes of TE 
(pH 7 6) This step helps to prevent precipitation of ohgosacchandes 
Add 0 05 volume of 5 m NaCl followed by 2 volumes of ethanol 
Incubate the tube at 0°C for 15 minutes and then collect the precipitate 
by centrifugation at 12,000g for 15 minutes at 4°C Carefully remove 
the ethanol and add 0 5 ml of 70% ethanol at room temperature Vortex 
the tube and then recentrifuge as described above Remove the 
supernatant and allow the pellet of DNA to dry at room temperature 
Dissolve the DNA in an appropnate volume of TE (pH 7.6) 
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PuriiicaHon of DNA Recovered from Agnroae Gels 

PASSAGE THROUGH DEAE-SEPHACEL 

In this method, the negatively charged DNA is bound to an amonic matrix 
and the contaminants are washed through the column. The DNA is then 
eluted from the matrix by raising the ionic strength of the buffer Conven¬ 
tional chromatographic resins such as DEAE-Sephadex or DEAE-Sephacel 
work well in this method Alternatively, disposable columns of reversed- 
phase resins can be purchased from several manufacturers (e g, Schleicher 
and Schuell Elutip-d). If commercial columns are used, follow the instruc¬ 
tions provided by the manufacturer 

1. Suspend DEAE-Sephacel in 20 volumes of TE (pH 7 6) containing 0 6 m 
N a(3l Allow the resin to settle, and then remove the supernatant by 
aspiration Add another 20 volumes of TE (pH 7 6) containing 0 6 m NaCl, 
and gently resuspend the resin Allow the resin to settle once more, and 
then remove most of the supernatant by aspiration Store the equilibrated 
resin at 4°C. 

2. Pack 0.6 ml (sufficient to bind 20 ju,g of DNA) of the DEAE-Sephacel slurry 
into a small column. Commercially available small, disposable columns 
are most convenient for this purpose. However, the barrel of a 2-ml 
syringe contammg a small circle of filter paper to retain the DEAE- 
Sephacel can also be used 

3. Wash the column with each of the following; 

TE (pH 7 6) containing 0 6 m NaCl 3 ml 
TE (pH 7.6) 3 ml 

TE (pH 7 6) containing 01 m NaCl 3 ml 

4. Mix the DNA with gel-loading buffer (see Table 6 3, page 6 12), and load 
the mixture directly onto the column Collect the flow-through and 
reapply it to the column 

5. Wash the column twice with 1 5 ml of TE (pH 7 6) containing 0 3 m NaCl 

6. Elute the DNA with three 0.5-ml washes of TE (pH 7 6) containing 0 6 m 
N aCl 

7. Extract the eluate once with phenol'chloroform 

8. Divide the aqueous phase into two microfuge tubes, and add an equal 
volume of isopropanol to each tube Store the mixtures for 15 minutes at 
room temperature, and then recover the DNA by centrifugation at 12,000g 
for 10 minutes at 4°C. Wash the pellets carefully with 70% ethanol, and 
then redissolve the DNA in a small volume (3-5 /xl) of TE (pH 7 6). 

9. Check the amount and quality of the DNA fragment by gel elec¬ 
trophoresis: 
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a Mix a small aliquot (estimated to contain 50 ng) of the final preparation 
of the fragment with 10 fil of TE (pH 7 6), aind add 2 /nl of the desired 
gel-loading buffer (see Table 6.3) 

b Load and run an agarose gel of the appropriate concentration, using as 
markers appropriate restriction digests of known quantities of the 
original DNA The isolated fragment should comigrate with the correct 
fragment in the restriction digest. 

c. Examine the gel carefully for the presence of famt fluorescent bands 
that signify the presence of contaminating species of DNA. It is often 
possible to estimate the amount of DNA in the final preparation from 
the relative intensities of fluorescence of the fragment and the markers. 
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EXTRACTION WITH ORGANIC SOLVENTS 


This method works for most, but not all, batches of agarose Once a 

satisfactory batch of agarose has been identified, it should be reserved for 

preparative electrophoresis 

1. Recover the DNA from a gel by electrophoresis in 1 x TAE electrophoresis 
buffer (see Table 6.2, page 6 7) and pass it over a column of packed 
siliconized glass wool in a siliconized pasteur pipette (see Appendix E for 
siliconizing glass wool and glassware). This removes small pieces of 
agarose. 

2. Concentrate the eluate by several consecutive extractions with equal 
volumes of 2-butanol (see Appendix E). 2-Butanol forms the upper phase 
Continue extracting the lower phase until the sample has been concen¬ 
trated about 20-fold or until a volume of 0 5 ml is achieved, whichever 
occurs first 

3. Extract the concentrated eluate twice with phenol chloroform Transfer 
the aqueous phase to a fresh microfuge tube If there is a significant 
decrease in volume during the first extraction, re-extract the organic 
phase once with 1/3 volume of TE (pH 7 6) and combine the two aqueous 
phases 

4. Add 0 2 volume of 10 m ammonium acetate and 2 volumes of ethanol at 
4'’C Store the mixture for 10 minutes at room temperature, and recover 
the DNA by centrifugation at 12,000g for 20 minutes at room temperature 
in a microfuge. 

Addition of 10 ng of earner RNA before precipitation may improve the recovery of 
small amounts of DNA However, before adding the RNA, make sure that the 
presence of RNA will not compromise subsequent reactions with the DNA (For 
preparation of carrier RNA, see page 6 26 ) 

5. Resuspend the precipitate in 200 yul of TE (pH 7 6), add 25 jul of 3 M 
sodium acetate (pH 5.2), and reprecipitate the DNA with 2 volumes of 
ethanol at 4‘’C and recentrifuge as in step 4 Carefully rinse the pellet 
with 70% ethanol, and then redissolve the DNA in 3-5 ju,l of TE (pH 7 6) 

6. Check the amount and quality of the DNA fragment by gel electro¬ 
phoresis 

a. Mix a small aliquot (estimated to contain 50 ng) of the final preparation 
of the fragment with 10 of TE (pH 7.6), and add 2 /il of the desired 
gel-loading buffer (see Table 6.3, page 6.12) 

b. Load and run an agarose gel of the appropriate concentration, using as 
markers appropriate restriction digests of known quantities of the 
original DNA The isolated fragment should comigrate with the correct 
fragment in the restriction digest. 
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c. Examine the gel carefully for the presence of faint fluorescent bands 
that signify the presence of contaminating species of DNA It is often 
possible to estimate the amount of DNA in the final preparation from 
the relative intensities of fluorescence of the fragment and the markers. 
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PolffocryUtmide Gel Electrophoresis 


Aciylamide is a monomer whose structure is 

CH2=CH—(j|—NH, 

O 

In the presence of free radicals, which are usually supplied by ammonium 
persulfate and stabilized by TEMED (N,N^’,N'-tetrameth.y\eth.y\ene- 
diamine), a chain reaction is imtiated in which monomers of acrylamide are 
polymerized into long chains When the bifiinctional agent N,N'- 
methylenebisacrylamide is included in the polymenzation reaction, the 
chains become cross-linked to form a gel, whose porosity is determined by the 
length of the chains and the degree of cross-linking 
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cross-linked 

polyacrylamide 


The length of the chains is determined by the concentration of acrylamide in 
the polymenzation reaction (between 3.5% and 20%)- 1 molecule of cross¬ 
linker is included for every 29 monomers of acrylamide. The effective range 
of separation in nondenaturing gels containing different concentrations of 
polyacrylamide is shown m Table 6.4. 

Polyacrylamide gels are more of a nuisance to prepare and run than 
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agarose gels They are almost always poured between two glass plates that 
are held apart by spacers and sealed by electrical tape In this arrangement, 
most of the acrylamide solution is shielded from exposure to the air, so that 
inhibition of polymerization by oxygen is confined to a narrow layer at the top 
of the gel Polyacrylamide gels can range in length from 10 cm to 100 cm, 
depending on the separation required; they are invariably run in a vertical 
position However, they have three major advantages over agarose gels: (1) 
Their resolving power is so great that they can separate molecules of DNA 
whose lengths differ by as little as 0 2% (i e , 1 bp in 500 bp) (2) They can 
accommodate much larger quantities of DNA than agarose gels: Up to 10 (xg 
of DNA can be applied to a single slot (1 cm x 1 mm) of a typical poly¬ 
acrylamide gel without significant loss of resolution (3) DNA recovered from 
polyacrylamide gels is extremely pure and can be used for the most demand¬ 
ing purposes (e g, microinjection of mouse embryos) 

Two types of polyacrylamide gels are in common use. 

^Nondenaturing polyacrylamide gels for the separation and purification of 
fragments of double-stranded DNA These gels are poured and run mix 
TBE at low voltage (1-8 V/cm) to prevent denaturation of small fragments 
of DNA by heat generated by the passage of electric current. Most species 
of double-stranded DNA migrate through nondenaturing polyacrylamide 
gels at a rate that is approximately inversely proportional to the log^o of 
their size However, their electrophoretic mobility is also alfected by their 
base composition and sequence, so that DNAs of exactly the same size can 
differ in mobility by up to 10% This effect is believed to be caused by kinks 
that form at specific sequences in double-stranded DNA Because it is 
impossible to know whether or not the migration of an unknown DNA is 
anomalous, electrophoresis through nondenaturing polyacrylamide gels 
cannot be used to determine the size of double-stranded DNAs 

^Denaturing polyacrylamide gels for the separation and purification of 
single-stranded fragments of DNA These gels are polymerized in the 
presence of an agent (urea or, less frequently, formamide) that suppresses 
base pairing in nucleic acids (Alkali cannot be used as a denaturing agent 


TAtll.K 6.4 Effective Runge of Separation ofJDNAa in Polyacrylamide 
Gels ”” 


Acrylamide 
(% [w/v])^ 

Effective 

range of separation 
(bp) 

Xylene 

cyanol 

Bromophenol 

blue‘’ 

35 

1000-2000 

460 

100 

50 

80-500 

260 

65 

80 

60-400 

160 

45 

12 0 

40-200 

70 

20 

15 0 

25-150 

60 

15 

20 0 

6-100 

45 

12 


“jyjV'-methylenebisacrylamide is included at I/30th the concentration of acrylamide 
‘"The numbers given are the approximate sizes (in nucleotide pairs) of fragments of double- 
stranded DNA with which the dye comigrates 
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because it deaminates acrylamide, and methylmercunc hydroxide cannot be 
used because it inhibits pol)mierization.) Denatured DNA migrates through 
these gels at a rate that is almost completely independent of its base 
composition and sequence. Among the uses of denaturing polyacrylamide 
gels are the isolation of radiolabeled DNA probes, the analysis of the 
products of nuclease-Sl digestions, and the analysis of the products of DNA 
sequencing reactions. Descriptions of denaturing polyacrylamide gels are 
given in Chapters 11 and 13 
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PREPARATION OF NONDENAIVRING POLYACRTTLAMMRE GETS 

Most vertical electrophoresis tanks obtained from commercial sources are 
constructed to hold glass plates 20 cm x 40 cm However, it is possible to run 
larger or smaller gels if suitable tanks are available. Spacers vary in 
thickness from 0.5 ram to 2.0 mm The thicker the gel, the hotter it will 
become during electrophoresis; overheatmg results in “smiling” bands of 
DNA and other problems. Thinner gels are therefore preferred, since they 
produce the sharpest and flattest bands of DNA. However, it is necessary to 
use thicker gels when preparing large quantities of DNA (>1 ^g/band). 
Below we describe the preparation and use of polyacrylamide gels. 

1. Prepare the following solutions: 


30% Acrylamide 

acrylamide 29 g 

iV,iV'-methylenebisacrylamide 1 g 

HgO to 100 ml 

Heat the solution to 3TC to dissolve the chemicals. 


Caution: Acrylamide is a potent neurotoxin and is absorbed through the 
skin The effects of acrylamide are cumulative Wear gloves and a mask 
when weighing powdered acrylamide and methylenebisacrylamide Wear 
gloves when han dlin g solutions containing these chemiceds. Although 
polyacrylamide is considered to be nontoxic, it should be handled with 
care because of the possibility that it might contain small quantities of 
unpolymenzed acrylamide 

Cheaper grades of acrylanude and bisacrylamide are often contaminated with metal 
ions Stock solutions of acrylamide can easily be purified by stirring overnight with 
about 0 2 volume of monobed resin (MB-1, M^linckrodt), followed by filtration 
through Whatman No 1 paper 

During storage, acrylamide and bisacrylamide are slowly converted to acrylic acid 
and bisacrylic acid This deamination reaction is catalyzed by light and alkali 
Check that the pH of the acrylamide solution is 7 0 or less, and store the solution in 
dark bottles at room temperature Fresh s(5lutions should be prepared every few 
months 


1 X TBE 

89 ruM Tris-borate 
2 mM EDTA (pH 8.0) 

TBE is usually made and stored as a 5 x stock solution (see Table 
6.2, page 6.7). The pH of the buffer should be approximately 8.3. 


TBE is used at a working strength of 1 x for polyacrylamide gel electrophoresis 
This IS twice the strength usually used for agarose gel electrophoresis The buffer 
reservoirs of the vertical tanks used for polyacrylamide gel electrophoresis are fairly 
atrigll and the amount of electric current passed through them is often considerable 
1 X TBE IS required to provide adequate buffenng power 
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10% Ammonium persulfate 

ammonium persulfate 1 g 
HgO to 10 ml 

The solution may be stored at 4”C for several weeks. 


2 . 


Prepare the glass plates and spacers for 
clean them with KOH/methanol, which 
KOH pellets to 100 ml of methemol 


pouring the gel. If necessary, 
IS prepared by adding ~5 g of 


Caution: Handle the KOH and the KOH/methanol 
care Use gloves and a face protector. 


solutions with great 


hen wash the glass plates and spacers in warm detergent solution and 

n“<i«on.zed water Mdfte 

L thl edges so that oils from your hands do not become deposited 
on fto working surfaces of the plates. Rinse the plates with ethan7^ 
Mt them aside to dry The glass plates must be free of grease snots to 
prevent air bubbles from forming in the gel 

Treat one surface of each plate with a silicone solution This prevents 
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the gel from sticking tightly to both plates and reduces the possibility 
that the gel will tear when it is removed from the mold ^ter elec¬ 
trophoresis is completed. 

To siliconize a plate, lay the plate on a pad of paper in a fume hood and pour a small 
quantity of siliconizmg fluid (e g, Sigmacote) onto it Wipe the fluid over the surface 
of the plate with a pad of Kimwipes, and then rinse the plate m deiomzed water. 
Dry the plate with a hairdryer Wear gloves during siliconization 

3. There are many t 3 npes of electrophoresis apparatus available commer¬ 
cially, and the arrangement of the glass plates and spacers differs slightly 
from manufacturer to manufacturer In all cases, the aim is to form a 
watertight seal between the plates and the spacers so that the unpoly- 
menzed gel solution does not leak out. Typically, the two plates are of 
slightly different size and one of them is notched. Lay the larger (or 
unnotched) plate flat on the bench and arrange the spacers at each side 
parallel to the two edges (Figure 6 7) A couple of minute dabs of 
petroleum jelly help to keep the spacer bars in position during the next 
steps. Lay the inner (notched) plate in position, resting on the spacer 
bars. Bind the entire length of the two sides and the bottom of the plates 
with gel-sealing tape (3M yellow electrical tape; BRL catalog no 1032ST) 
to make a watertight seal Take particular care with the bottom comers 
of the plates, since these are the places where leaks often occur 

Several other methods have been used to prevent leakage of acrylamide solution 
from assembled gel molds, including 

• Sealing the edges with agarose 

• Inserting a plastic spacer into the open space at the bottom of the mold during 
polymerization 

• Sealing the bottom of the plate with a strip of filter paper impregnated with 
catalyzed acrylamide (Wahls and Kingzette 1988) 

We recommend that you use whichever of these methods you find to be most reliable 
vnth the particular type of gel mold that is available 

4. Knowing the size of the glass plates and the thickness of the spacers, 
calculate the volume of acrylamide solution required (See Table 6 5 for 
preparation of 100 ml of solution for different gel concentrations ) 

5. {Optional) Place the required quantity of acrylamide solution in a clean 
sidearm flask Deaerate the solution by applying vacuum, gently at first. 
Swirl the flask during deaeration until no more air bubbles are released. 

Deaeration of the acrylamide solution is not essential, but it does reduce the chance 
that air bubbles will form when thick gels (>1 mm) are poured 


TABLE 6.S Voiwtmes of Reagents Used to €kist Potyaerglamide Gels 

Milliliters of reagents to cast gels of 
various concentrations (%) 


Reagents 

3.5% 

5.0% 

8.0% 

12.0% 

20.0% 

30% Acrylamide (see page 6 39) 

116 

16 6 

26.6 

40 0 

66 6 

Water 

67 7 

62 7 

52 7 

39 3 

12.7 

5 X TBE (see Table 6.2, page 6 7) 

20 0 

20 0 

20 0 

20.0 

20 0 

10% Ammomum persulfate (see page 6 40) 

07 

07 

07 

0.7 

07 
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6. Wearing gloves, perform the following manipulations over a tray so that 
any spilled acrylamide solution will not spread over the bench 

a. Add 35 fil of TEMED (2V,lV,JV',N'-tetramethylethylenediamine) to each 
100 ml of acrylamide solution. Mix the solution by swirling 

b. Draw the solution into the barrel of a 50-ml syringe Invert the 
synnge and expel any air that has entered the barrel. Introduce the 
nozzle of the syringe into the space between the two glass plates. 
Expel the acrylamide solution from the syringe, filling the space 
almost to the top Keep the remaining acrylamide solution at 4°C to 
reduce the rate of pol 3 mienzation If the plates were clean, there 
should be no trapped air bubbles, and if they were sealed well, no 
leaks. If air bubbles form, empty the gel mold and repour the gel, 
after thoroughly recleaning the glass plates. 

c Lay the glass plates against a test-tube rack at an angle of approxi¬ 
mately 10°. This decreases the chance of leakage and minimizes 
distortion of the gel 

7. Immediately insert the appropriate comb, bemg careful not to allow air 
bubbles to become trapped under the teeth The tops of the teeth should 
be slightly higher than the top of the glass Clamp the comb in place 
with a bulldog paper clip If necessary, use the remaining acrylamide 
solution to fill the gel mold completely Check that no acrylamide 
solution is leaking from the gel mold 

8. Allow the acrylamide to polymerize for 60 minutes at room temperature, 
adding additional acrylamide solution if the gel retracts significantly 
When polymerization is complete, a schlieren pattern will be visible just 
beneath the teeth of the comb 

Gels may be stored for 1-2 days in this state before they are used After 
polymerization is complete, surround the comb and the top of the gel with paper 
towels that have been soaked mix TBE Then seal the entire gel in Saran Wrap 
and store at 4°C 

9. Carefully remove the comb Immediately rinse out the wells with water 
Using a razor blade or a scalpel, remove the electrical tape from the 
bottom of the gel. 

It IS essential to wash out the wells thoroughly as soon as the comb is removed 
Otherwise, small amounts of acrylamide solution trapped by the comb wdl polymer¬ 
ize in the wells, producing irregularly shaped surfaces that give nse to distorted 
bands of DNA 

10. Attach the gel to the electrophoresis tank, using large bulldog paper clips 
on the sides and three-prong clamps on the shoulders The notched plate 
should face inward toward the buffer reservoir. 

11. Fill the reservoirs of the electrophoresis tank with 1 x TBE. Use a bent 
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pasteur pipette or syringe needle to remove any air bubbles trapped 
beneath the bottom of the gel 

It IS important to use the same batch of electrophoresis buffer m both of the 
reservoirs and m the gel Small differences in ionic strength or pH produce buffer 
fronts that can greatly distort the migration of DNA 

12. Use a pasteur pipette to flush out the wells with 1 x TBE 

If remnants of unpolymenzed acrylamide remain in the wells, diffuse, wavy bands of 
DNA will be observed 

13. Mix the DNA samples with the appropriate amount of 6 x gel-loading 
buffer (type I or type III; see Table 6.3, page 6 12). Load the mixture into 
the wells using a drawn-out glass micropipette or Hamilton syringe 
Long, disposable, and expensive micropipette tips are also sold for this 
purpose by several manufacturers Draw up all of the sample into the 
loading device, and then insert the tip of the device mto the well This 
should be done quickly, m a single movement, since the DNA sample 
tends to dnbble out of the loading device after the tip is immersed in the 
electrophoresis buffer 

Usually, about 3-5 ju.1 of DNA sample are loaded per well (0 5 cm x 0 3 cm x 1 mm) 
Raise the loading device as the sample is loaded mto the well The tip of the device 
should always be above the level of the sample in the well Do not attempt to expel 
all of the sample from the loading device, since this almost always produces air 
bubbles that blow the sample out of the well 

The same device can be used to load many samples, provided it is thoroughly washed 
between each loading However, it is important not to take too long to complete 
loading the gel, otherwise, the samples will diffuse from the wells 

14. Connect the electrodes to a power pack (positive electrode connected to 
the bottom reservoir) Nondenaturing polyacrylamide gels are usually 
run at voltage gradients between 1 V/cm and 8 V/cm 

If electrophoresis is earned out at a higher voltage, differential heating in the center 
of the gel may cause bowing of the DNA bands or even melting of the strands of 
small DNA fragments 

15. Run the gel until the marker dyes have migrated the desired distance 
(see Table 6 4, page 6 37) Turn off the electric power, disconnect the 
leads, and discard the electrophoresis buffer from the reservoirs Detach 
the glass plates, and use a scalpel or razor blade to remove the electrical 
tape Lay the glass plates on the bench (siliconized plate uppermost). 
Using a thin spatula, lift a corner of the upper glass plate Check that 
the gel remains attached to the lower plate Pull the upper plate 
smoothly away Remove the spacers 

Occasionally, the gel remains attached to the siliconized plate In this case, turn 
over the glass plates and remove the nonsiliconized plate 

16. Use one of the methods described on the following pages to detect the 
positions of bands of DNA in the polyacrylamide gel 
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DETECTION OF DMA IN POLYACRYLAMIDE GEIS 

Sinining with Ethidinm Bromide 

Because polyacrylamide quenches the fluorescence of ethidium bromide, it is 
not possible to detect bands that contain less than about 10 ng of DNA by this 
method 

1 . Gently submerge the gel and its attached glass plate in staining solution 
(0 5 ju-g/ml ethidium bromide mix TBE [see page 6 7]). Use just enough 
staining solution to cover the gel completely After staining for 30-45 
minutes at room temperature, remove the gel, using the glass plate as a 
support Carefully blot excess liquid from the surface of the gel with a pad 
of Kimwipes Do not use absorbent paper (to which the gel will stick) 
Cover the gel with a piece of Saran Wrap Try to avoid creating air 
bubbles or folds in the Saran Wrap 

Caution: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described on pages 6 16-6 17 

Try to minimize the movement of the staining solution across the surface of the gel 
during staining The aim is to keep the gel attached to its supporting glass plate If 
the gel becomes completely detached, it can usually be rescued from the staining 
solution on a large glass plate and transferred to a shallow water bath In most cases, 
the gel can then be carefully unfolded and restored to its original shape To avoid 
problems, some workers use a piece of plastic mesh (mesh size 1 cm, available from 
garden and hardware stores) to hold the gel in place during staining 

2. To photograph the gel, place a piece of Saran Wrap on the surface of an 
ultraviolet transilluminator Invert the gel, and place it on the trans- 
illuminator Remove the glass plate, leaving the gel attached to the Saran 
Wrap Photograph the gel as described on page 6 19 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes To 
minimize exposure, make sure that the ultraviolet light source is 
adequately shielded and wear protective goggles or a full safety mask that 
efficiently blocks ultraviolet light 
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AuMomdiograpHy 

UNFIXED, WET GELS 

If bands of radioactive DNA are to be recovered from the gel, the gel should 

not be fixed or dned 

1. Wrap the gel, together with its supporting glass plate, m Saran Wrap. Try 
to avoid creating air bubbles or folds in the Saran Wrap To align the gel 
and the film, attach adhesive dot labels marked with radioactive ink (see 
page 6 21) to the surface of the Saran Wrap Cover the labels with Scotch 
Tape This prevents contamination of the film holder or intensifying 
screen with radioactive ink 

2. Invert the gel and expose it to X-ray film (Kodak XAR-2 or equivalent) as 
follows In a darkroom, tape the sealed gel to a piece of X-ray film cut to 
the same size as the glass plate The plate serves as a weight to ensure 
good contact between the Saran Wrap and the X-ray film Do not use a 
metal film cassette (which may break the glass plate and crush the gel) 
Instead, wrap the gel and film in light-tight aluminum foil Expose the 
film for the appropriate period of time at room temperature or at — 70°C 
with an intensifying screen (see Appendix E) 

FIXED, DRIED GELS 

Analytical polyacrylamide gels containing radioactive DNA may be fixed and 

dned before autoradiography 

1. Immerse the gel, together with its attached glass plate, m 7% acetic acid 
for 5 minutes. Remove the gel from the fixative by carefully lifting the 
glass plate from the fluid 

Try to minimize the movement of fluid across the surface of the gel dunng fixation 
The aim is to keep the gel attached to its supporting glass plate If the gel becomes 
completely detached, it can usually be rescued from the acetic acid on a larger glass 
plate and transferred to a shallow water bath In most cases, the gel can then be 
carefully unfolded and restored to its original shape To avoid problems, some 
workers use a piece of plastic mesh (mesh size 1 cm, available from garden and 
hardware stores) to hold the gel in place dunng fixation 

2. Rmse the gel bnefly m deionized water Remove excess fluid from the 
surface of the gel with a pad of Kimwipes Do not use absorbent paper (to 
which the gel will stick) 

3. Wrap the gel and glass plate m Saran Wrap, and establish an au¬ 
toradiograph as described above. Alternatively, dry the gel onto a piece of 
Whatman 3MM paper using a commercial gel dryer Drying the gel is 
necessary only when the gel contains DNA labeled with weak ^-emitting 
isotopes such as or such small amounts of ^^P-labeled DNA that long 
exposures (longer than 24 hours) are necessary to obtain an adequate 
autoradiographic image. 
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ISOLATION OF BNA FRAGMiENTS FROM POLTACRTLARIDE GELS 

The best method to isolate DNA from polyacrylaimde gels is the “crush and 
soak” technique originally described by Maxam and Gilbert (1977) The DNA 
obtained is of very high purity and is free of contaimnants that inhibit 
enz 3 mies or are toxic to transfected or microinjected cells Although the 
method is lengthy and inefficient (<30% yield for DNA fragments > 3 kb in 
length), it can be used to isolate both double- and single-stranded DNAs from 
neutral and denaturing polyacrylamide gels, respectively A more rapid 
technique that is used to isolate fragments of double-stranded DNA is to 
embed the piece of polyacrylamide containing the DNA of interest into a slit 
cut in an agarose gel, smd then to elute the DNA onto a sliver of DEAE- 
cellulose membrane (Schleicher and Schuell NA-45) as descnbed on pages 
6.24-6 27 

**Crush and Soak** Method 

The following procedure is a modification of the technique described by 
Maxam and Gilbert (1977) 

1. Run the polyacrylamide gel as descnbed on pages 6 39-6 43 Locate the 
DNA of interest by autoradiography or by examination of ethidium- 
bromide-stained gels iti long-wavelength ultraviolet light 

2. Using a sharp scalpel or razor blade, cut out the segment of the gel 
contaming the band of interest Do not attempt to remove the gel from 
the Saran Wrap before cutting, instead, cut through both the gel and the 
Saran Wrap, and then peel the small piece of gel containing the DNA 
from the Saran Wrap 

To recover a fragment of DNA identified by autoradiography, cut out from the X-ray 
film a small rectangle contaimng the autoradiographic image of the fragment Align 
the film over the gel and cut out the segment of polyacrylamide underneath the 
rectangular hole in the film 

It is a good idea to photograph or to reautoradiograph the gel after the hands of DNA 
have been excised This provides a permanent record of the experiment 

3. Transfer the gel slice to a microfuge tube Use a disposable pipette tip to 
crush the slice against the wall of the tube 

4. Calculate the approximate volume of the slice and add 1-2 volumes of 
elution buffer to the microfuge tube 


Elution buffer 

0.5 M ammonium acetate 
10 mM magnesium acetate 
1 mM EDTA (pH 8.0) 

0.1% SDS 
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It IS convenient if the volume of elution buffer is no greater than 0 5 ml, since the 
eluted fragment of DNA can then be precipitated with ethanol in a smgle microfuge 
tube 

5. Close the tube and incubate at 37°C on a rotating wheel or rotary 
platform. Small fragments of DNA (<500 bp) are eluted in 3—4 hours, 
larger fragments take 12-16 hours. 

6. Centrifuge the sample at 12,00Qg' for 1 minute at 4“C in a microfuge. 
Transfer the supernatant to a fresh microfuge tube, being careful to 
avoid transferring fragments of polyacrylamide (a drawn-out pasteur 
pipette works well) 

7. Add an additional 0.5 volume of elution buffer to the pellet of poly¬ 
acrylamide, vortex briefly, and recentrifuge Combine the two super¬ 
natants 

8. Remove any remaining fragments of polyacrylamide by passing the 
supernatant through a disposable plastic column or a syringe barrel 
containing a Whatman GF/C filter or packed siliconized glass wool. 

9. Add 2 volumes of ethanol at 4°C and store the solution on ice for 30 
minutes Recover the DNA by centrifugation at 12,000g for 10 minutes 
at 4°C in a microfuge 

Even small quantities of DNA are efficiently precipitated by ethanol, perhaps 
because of the presence of small amounts of polyacrylamide m the eluate However, 
10 /i.g of earner RNA can be added before precipitation, which may improve even 
further the recovery of small amounts of DNA Before adding the RNA, make sure 
that the presence of RNA will not compromise subsequent reactions with the DNA 
(For preparation of carrier RNA, see page 6 26 ) 

10. Redissolve the DNA in 200 fA of TE (pH 7 6), add 25 /ul of 3 m sodium 
acetate (pH 5 2), and reprecipitate the DNA with 2 volumes of ethanol as 
described in step 9 

11. Carefully rinse the pellet once with 70% ethanol, and redissolve the DNA 
in TE (pH 7 6) to a final volume of 10 /xl 

12. Check the amount and quality of the fragment by polyaciylamide gel 
electrophoresis 

a Mix a small aliquot (estimated to contain 50 ng) of the final prepa¬ 
ration of the fragment with 10 /xl of TE (pH 7 6), and add 2 ju.1 of the 
desired gel-loadmg buffer (see Table 6 3, page 6 12). 

b Load and run a polyacrylamide gel of the appropriate concentration, 
using as markers appropriate restriction digests of known quantities 
of the original DNA. The isolated fragment should comigrate with the 
correct firagment in the restriction digest 
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c. Examine the gel carefully for the presence of faint fluorescent bands 
that signify the presence of contaminating species of DNA. It is often 
possible to estimate the amount of DNA m the final preparation from 
the relative intensities of fluorescence of the fragment and the 
markers. 
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other Types of Gels 


SIMAND SBPABATING GELS 

For some purposes (e.g , DNA sequencing by the Maxam-Gilbert procedure or 
hybridization of strand-specific probes to low-abundance RNAs), it is neces¬ 
sary to obtam separated strands of fragments of DNA In the past, such 
separated fragments were obtained by electrophoresis of denatured DNA 
through neutral agarose gels (Hayward 1972; Tibbetts et al 1974, Dunn and 
Sambrook 1980) or polyacrylamide gels (Maxam and Gilbert 1977, 1980; 
Szalay et al. 1977). The ability to generate single-stranded DNA and RNA 
probes from DNA cloned into the appropriate vectors and to synthesize 
oligonucleotides of defined sequence have made obsolete the separation of the 
strands of DNA by electrophoretic methods 


BENATVBimG GRABIENT POLTACBYLAIUIBE GELS 

Denaturing gradient polyacrylamide gels separate fragments of DNA on the 
basis of their thermal denaturation In this technique, which was first 
described by Fischer and Lerman (1979), fragments of double-stranded DNA 
are driven through a polyacrylamide gel that contains increasing concen¬ 
trations of a denaturant, such as urea or formamide or both At a certain 
concentration of denaturant, a region (“domain”) of the DNA denatures and 
the rate of migration of the partially single-stranded fragment is significantly 
decreased. Because different fragments denature at different points in the 
gradient, two fragments of identical size can be separated from one another 
If the gradient of denaturant is shallow, this technique is sufficiently sensi¬ 
tive to allow the separation of DNA fragments that differ m only a smgle base 
pair (Fischer and Lerman 1983) An excellent description of this techmque 
can be found in Myers et al. (1987). 
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FVISED-FBSLD GEL ELECFBOPMOEESIS 


All linear double-stranded DNA molecules that are larger than a certain size 
migrate through agarose gels at the same rate This limit of resolution is 
reached when the radius of gyration of the linear DNA duplex exceeds the 
pore size of the gel The DNA can then no longer be sieved by the gel 
according to its size but must instead migrate “end-on” through the matrix as 
if through a sinuous tube. This mode of migration is known as “reptation ” 
Several mathematical descriptions of reptation have been published (Lerman 
and Fnsch 1982; Lumpkin and Zimm 1982, Stellwagen 1983; Edmondson 
and Gray 1984; Slater and Noolandi 1985, 1986; Lalande et al 1987) 

The greater the pore size of the gel, the larger the DNA that can be sieved. 
Thus, agarose gels cast with low concentrations of agarose (0.1%-0.2%) are 
capable of resolving extremely large DNA molecules (Fangman 1978; Serwer 
1980) However, such gels are quite fragile and must be run very slowly. 
Even then, they are mcapable of resolving hnear DNA molecules larger than 
750 kb in length. The importance of this limitation becomes apparent when 
it IS realized that a single genetic locus (e g, the major histocompatibility 
locus of mammals) may occupy several thousand kilobases of DNA and that 
DNA molecules in the individual chromosomes of lower eukaryotes may be 
7000 kb or more in length 

A solution to this problem was found in 1984, when Schwartz and Cantor 
reported the development of pulsed-field gel electrophoresis. In this method, 
pulsed, alternating, orthogonal electric fields are applied to a gel Large DNA 
molecules become trapped in their reptation tubes every time the direction of 
the electric field is altered and can make no further progress through the gel 
until they have reoriented themselves along the new axis of the electric field. 
The larger the DNA molecule, the longer the time required for this realign¬ 
ment Molecules of DNA whose reorientation times are less than the period 
of the electric pulse will therefore be fractionated according to size The limit 
of resolution of pulsed-field gel electrophoresis depends on several factors, 
including 

• The degree of uniformity of the two electric fields 

• The absolute lengths of the electric pulses 

• The ratio of the lengd'hs of the electric pulses used to generate the two 
electric fields 

• The angles of the two electric fields to the gel 

• The relative strengths of the two electric fields 

The original method described by Schwartz and Cantor (1984) was capable of 
resolving DNAs up to 2 megabase pairs in length However, as a consequence 
of improvements to the techmque, resolution of DNA molecules larger than 
5000 kb can now be achieved. 
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Jfesigin at the Appnmttta 

The pulsed-field gel electrophoresis apparatus originally designed by 
Schwartz and Cantor (1984) uses alternately pulsed, perpendicularly orient¬ 
ed electric fields and linear electrodes This type of apparatus and modifica¬ 
tions that employ orthogonal electric fields generated from diode electrodes 
have been used successfully to obtain electrophoretic karyot 3 rpes of yeasts 
and parasites (see, e g., Carle and Olson 1985; Van der Ploeg et al 1985; de 
Jonge et al 1986; Giannmi et al 1986) and to derive long-range restriction 
maps of particular regions of mammalian DNAs (Brown and Bird 1986; 
Burmeister and Lehrach 1986; Hardy et al 1986, vem Ommen et al 1986; 
Kenwrick et al 1987, Lai et al 1987, Lindsten et al 1987) However, 
because the electric field generated in these apparatuses is not uniform, the 
speed and direction of migration of the DNA are affected by the position at 
which the DNA is loaded into the gel Typically, the DNA migrates in a 
complex path and skews toward the edge of the gel, with a consequent loss of 
resolution To ameliorate these problems, a number of alternative elec¬ 
trophoretic configurations have been developed (for review, see Lai et al. 
1989). These include the periodic inversion of a single electric field (Carle et 
al 1986), transverse fields applied to vertical gels (Gardiner et al 1986), 
diode-isolated vertical electrodes (McPeek et al 1986), contour-clamped 
homogeneous electric fields (Chu et al 1986, Vollrath and Davis 1987), and 
rotating gels (Anand 1986). Although some of these modifications are no 
more than elaborations of the original design of Schwartz and Cantor (1984), 
three are conceptually different and warrant special mention 

In the apparatus designed by Carle et al (1986), the perpendicular or 
orthogonal arrangement of two electric fields is abandoned in favor of periodic 
inversion of one electric field (field-inversion gel electrophoresis [FIGE]) The 
field is uniform in both directions, and the forward pulse is slightly longer 
than the reverse pulse, resulting in the movement of the DNA along a 
perfectly straight track To obtain maximum resolution, microprocessors are 
used to increase the absolute lengths of the pulses during the run while 
maintaining the ratio between forward and reverse pulses FIGE resolves 
DNA fragments up to 2000 kb in length, although the range of maximum 
resolution depends on the exact timing and switching intervals of the fields. 

Gardiner et al (1986) use a vertical gel apparatus with platinum wire 
electrodes positioned on opposite sides of the gel The DNA moves first 
toward one set of electrodes and then toward the other as the electric fields 
are switched The net result of these zigzag movements is a straight line 
from the loading well toward the bottom of the gel. Because all of the lanes 
in the gel are exposed to equivalent electric fields, there is no horizontal 
distortion of the DNA bands As with other pulsed-field gel electrophoresis 
systems, the size of the molecules resolved at a given voltage is a function of 
the angle between the electrodes and the pulse time Typically, the elec¬ 
trodes are arranged at a 90° angle and 10-second pulses are used to separate 
molecules between 50 kb and 450 kb in length, 50- to 60-second pulses are 
used to fractionate molecules larger than 1000 kb in length The upper limit 
of resolution of the system appears to be approximately 9000 kb. 

In contour-clamped homogeneous field electrophoresis (CHEF) (Chu et al, 
1986; Vollrath and Davis 1987), the electric field is generated from multiple 
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electrodes that are arranged in a square or hexagonal contour around the 
horizontal gel and are clamped to predetermined potentials A square 
contour generates electric fields that are oriented at right angles to each 
other; a hexagonal array of electrodes generates fields at angles of 120° or 
60°, depending on the placement of the gel and the polarity of the electrodes 
By using a combmation of low field strengths (1 3 V/cm), low concentrations 
of agarose (0 6%), long switching intervals (1 hour), and extended periods of 
electrophoresis (130 hours), it is possible to resolve DNA molecules up to 5000 
kb in length (VoUrath and Davis 1987) 

A number of instrumentation companies are now marketing pulsed-field 
gel electrophoresis apparatuses based on the designs described above How¬ 
ever, it may be several years until a particular type of apparatus gams broad 
acceptance and becomes the standard Until then, we recommend that you 
choose the apparatus that seems to be best suited to your immediate needs 
and that you follow the instructions provided by the manufacturer 


Staining DNA Separated hy Putsed-ttetd Get Electrophoresis 

The standard technique used to detect DNAs separated by pulsed-field gel 
electrophoresis is staining with ethidium bromide (see page 6 15) However, 
Southern hybridization may also be used as long as the DNA is partially 
hydrolyzed by sequential exposure to acid and base (see Chapter 9, pages 
9 34-9 35) To facilitate the detection of minor species of DNA stained with 
ethidium bromide, the gels are usually destained in water for extended 
penods of time (24-48 hours) before photography For details of methods 
that can be used to maximize the photographic detection of DNA stained with 
ethidium bromide, see page 6.15. With an exposure time of 30 seconds, it is 
possible to obtain good photographic images of bands that contain as little as 
1 ng of DNA If necessary, even smaller amounts of DNA can be detected by 
staining the gel with silver as described by Porro et al (1982) and Gardiner 
etal (1986) 
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Preparation ofDNA for Putsed-netd Gel Electrophoresis 

To avoid shearing during extraction of large DNA molecules, cells are lysed in 
situ m an agarose plug (Schwartz and Cantor 1984) or a bead (Cook 1984). 
Most investigators now use agarose plugs because of their higher efficiency 
(Anand 1986) Intact cells or nuclei are resuspended in molten, low-melting- 
temperature agarose and solidified in blocks whose size matches the thick¬ 
ness of the loading slot of the gel Depending on the organism, any of a 
variety of substances are infused into the plug to cause lysis of the cells and 
removal of proteins from the DNA These procedures 3 neld DNA that is both 
intact and susceptible to cleavage by restriction enz 3 rmes in situ Following 
digestion with the appropriate restriction enzyme(s), the plug can be loaded 
directly into the well of a pulsed-field gel or it can be melted before loading 
Procedures to lyse mammalian cells and yeasts and to digest the liberated 
DNA in situ are descnbed below 


ISOLATION OF INTACT DNA FROM MAMMALIAN CELLS 

1. Prepare cells or tissue samples as follows 

• Cultured cells Wash cells that have been growing in culture three times 
in ice-cold phosphate-buffered saline (PBS, see Appendix B) and re¬ 
suspend them at a concentration of approximately 5 x lO’ cells/ml in 
ice-cold L buffer 

• Fresh tissue samples Cut freshly excised tissue into small cubes and 
homogenize in ice-cold PBS in a chilled glass homogenizer with a 
tight-fitting pestle Remove fragments of connective tissue by filtration 
through two layers of cheesecloth Wash the suspended cells three times 
m ice-cold PBS and resuspend them at a concentration of 5 x lo’ 
cells/ml in ice-cold L buffer 

• Frozen tissue samples Grind frozen tissue to a fine powder using a 
mortar and pestle chilled to -70°C and suspend the powdered tissue in 
ice-cold PBS Remove fragments of connective tissue by filtration 
through two layers of cheesecloth Wash the suspended cells three times 
in ice-cold PBS and resuspend them at a concentration of 5 x 10^ 
cells/ml in ice-cold L buffer 


L buffer 

01 M EDTA (pH 8.0) 
0.01 MTris-Cl (pH 7.6) 
0.02 M NaCl 


If desired, DNA can be prepared from nuclei isolated from mammalian cells How¬ 
ever, it IS our experience that there is no advantage to be gained from preparing DNA 
from nuclei, since DNA isolated from intact cells is equally susceptible to cleavage by 
restnction enzymes 
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2. Prepare an equal volume of low-melting-temperature agarose (1%) in L 
buffer. Cool the melted agarose to 42°C 

3. When the agarose has cooled to 42'’C, warm the cell suspension to the 
same temperature. Mix the melted agarose with the suspended cells Stir 
the mixture with a sealed pasteur pipette to ensure that the cells are 
evenly dispersed throughout the agarose 

4. Pipette the molten mixture into preformed Plexiglas molds (50-100 ^tl) or 
draw the mixture into an appropriate length of Tygon tubing (3/32-inch 
internal diameter) Allow the agarose to set at 4°C 

5. When the agarose has set, collect the blocks from the Plexiglas molds or 
blow out the agarose from the Tygon tubing into a petn dish. Cut the 
cylindrical plugs into 1-cm blocks 

Each 1-cm length of agarose (45 /ul) should contain approximately 1 5 x 10® cells and 
should yield approximately 5-10 ixg of DNA 

6. Transfer the blocks to 50 volumes of L buffer containing 1 mg/ml protein¬ 
ase K and 1% Sarkosyl Incubate the blocks for 24 hours at 50°C Replace 
the original digestion mixture with an equal volume of fresh digestion 
mixture and continue incubation for a further 24 hours at 50°C 

7. Incubate the blocks at 50°C m 50 volumes of TE (pH 7 6) containing 40 
jLig/ml PMSF (phenylmethylsulfonyl fluoride). After 1 hour, replace the 
original rinse buffer with an equal volume of fresh rinse buffer and 
continue incubation at 50°C for another hour. 

Caution: PMSF is extremely destructive to the mucous membranes of 
the respiratory tract, eyes, and skin It may be fatal if inhaled, swallowed, 
or absorbed through the skin In case of contact, immediately flush eyes 
or skin with copious amounts of water Discard contaminated clothing 

PMSF IS inactivated in aqueous solutions The rate of inactivation mcreases with pH 
and IS faster at 25“C than at 4°C The half-life of a 20 ^iM aqueous solution of PMSF is 
about 35 minutes at pH 8 0 (James 1978) This means that aqueous solutions of 
PMSF can be safely discarded after they have been rendered alkaline (pH >8 6) and 
stored for several hours at room temperature PMSF is usually stored as a 10 mM or 
100 mM stock solution (1 74 or 17 4 mg/ml in isopropanol) at -20°C 

Blocks containing DNA can be stored for a few days in TE (pH 7 6) at 4°C Blocks are 
best stored for longer periods of time in 0 5 M EDTA (pH 8 0) at 4°C They can be 
mailed to other laboratones at room temperature in tubes filled with 0 5 m EDTA (pH 
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ISOLATION OF INTACT DNA FROM YEAST 


This method is a slight modification of that originally described by Schwartz 
and Cantor (1984) 

1. Collect yeast cells growing in suspension by centnfugation at 3000g for 5 
minutes at 4®C. Wash the cell pellet twice with 0.05 m EDTA (pH 8 0), 
0 01 M Tns Cl (pH 7.6) 

2. Resuspend the cells at a concentration of 3 x 10^° cells/ml in 0.05 m 
EDTA (pH 8 0) at 0°C 

3. Prepare an equal volume of low-melting-temperature agarose (1%) m L 
buffer Cool the melted agarose to 42°C 

L buffer 

0.1 M EDTA (pH 8.0) 

0.01 M Tris Cl (pH 7.6) 

0.02 M NaCl 


4. When the agarose has cooled to 42°C, warm the cell suspension to the 
same temperature Mix 5 ml of the melted agarose with 5 ml of the 
suspended cells Stir the mixture with a sealed pasteur pipette to ensure 
that the cells are evenly dispersed throughout the agarose. 

5. Before the agarose sets, add 75 ixi of zymolyase 5000 (Kirin Brew¬ 
eries, 2 mg/ml in 0 01 M sodium phosphate containing 50% glycerol). 
Mix the enzyme with the cell suspension 

In place of zymolyase, 75 /il of L 3 ^icase (Sigma, 900 umts/ml, 67 mg/ml) can be 
used 

6. Pipette the molten mixture into preformed Plexiglas molds (50-100 p,l) 
or draw the mixture into an appropriate length of Tygon tubing (3/32- 
inch internal diameter) Allow the agarose to set at 4°C 

7. When the agarose has set, collect the blocks from the Plexiglas molds or 
blow out the agarose from the Tygon tubing into a petn dish Cut the 
cylindrical plugs into 1-cm blocks 

Each block (50 /u.1) should contain ~5 joig of DNA 

8. Incubate the blocks for 24 hours at 37°C in 50 volumes of 0 5 m EDTA 
(pH 8.0), 0 01 M Tris Cl (pH 7.6) containing 1% j3-mercaptoethanol. 
Replace the buffer with an additional 50 volumes of fresh buffer, and 
continue incubation for a further 24 hours at 37°C. 

9. Transfer the blocks to 50 volumes of L buffer containmg 1 mg/ml 
protemase K and 1% Sarkosyl Incubate the blocks for 24 hours at 50°C. 


Gel Electrophoresis of DNA 6.55 




Replace the original digestion mixture with an equal volume of fresh 
digestion mixture and continue incubation for a further 24 hours at 50°C 

10. Incubate the blocks at 50°C in 50 volumes of TE (pH 7 6) containing 40 
/i.g/ml PMSF (phenyhnethylsulfonyl fluoride) After 1 hour, replace the 
original rinse buffer with an equal volume of fresh rinse buffer and 
continue incubation at SO^C for another hour 

Caution: PMSF is extremely destructive to the mucous membranes of 
the respiratory tract, eyes, and skin It may be fatal if inhaled, 
swallowed, or absorbed through the skin In case of contact, immediately 
flush eyes or skin with copious amounts of water Discard contaminated 
clothing. 

PMSF IS inactivated in aqueous solutions The rate of inactivation increases with 
pH and is faster at 25®C than at 4°C The half-life of a 20 /tM aqueous solution of 
PMSF IS about 35 minutes at pH 8 0 (James 1978) This means that aqueous 
solutions of PMSF can be safely discarded after they have been rendered alkaline 
(pH >8 6) and stored for several hours at room temperature PMSF is usually 
stored as a 10 mM or 100 mM stock solution (1 74 or 17 4 mg/ml m isopropanol) at 
-20‘’C 

Blocks containing DNA can be stored for a few days m TE (pH 7 6) at 4°C Blocks 
are best stored for longer periods of time in 0 5 M EDTA (pH 8 0) at 4°C They can 
be mailed to other laboratories at room temperature in tubes filled with 0 5 m EDTA 
(pH 8 0) 
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RESTRICTION ENZYME DIGESTION OF DNA IN AGAROSE BLOCKS 

1. If blocks were received through the mail or stored m 0.5 M EDTA (pH 8.0), 
incubate them in 50 volumes of TE (pH 7.6) for 30 minutes at room 
temperature. Then transfer the blocks to 50 volumes of fresh TE (pH 7 6) 
and continue incubation for a further 30 minutes 

2. Transfer the blocks to individual microfuge tubes, and add 10 volumes of 
the appropnate 1 x restnction enzyme buffer to each tube. Incubate the 
tubes for 30 minutes at 4®C 

3. Remove the buffer and replace it with 2-3 volumes of fresh 1 x restnction 
enzyme buffer Add 30-50 units of the appropriate restriction enzyme to 
each tube, and incubate the tubes for 12-16 hours at the optimal tempera¬ 
ture for the restnction enzyme 

4. Soak the blocks for 1 hour in 50 volumes of TE (pH 7 6) at 4°C This 
treatment allows any salt in the restriction enzyme buffer to diffuse from 
the blocks 

5. Using a disposable pipette tip, push the blocks directly into the slots of a 
pulsed-field gel 

It IS difficult to load blocks directly into the slots of some designs of pulsed-field gel 
electrophoresis apparatuses In this case, the blocks should be melted by heating to 
65°C, and the molten agarose should then be poured down the outside of a disposable 
pipette tip into the gel slot 
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Markers for PuMsed~fieid Gel Electrophoresis 

Because of its capacity to separate extremely large molecules of DNA, 
pulsed-field gel electrophoresis requires markers of extremely high molecular 
weight. These may be obtained by extracting DNAs from bacteriophages 
such as T7 (40 kb), T2 (166 kb), and G (758 kb) according to the method of 
Lauer et al. (1977) However, a better series of markers, which are evenly 
spaced over a wider range of molecular weights, can be generated by ligation 
of bacteriophage A DNA into a series of nested concatemers The following 
method is an adaptation of the method descnbed by Vollrath and Davis 
(1987) 

1. Dissolve 0 1 g of low-meltmg-temperature agarose in 10 ml of 20 iriM 
MgCla, 100 niM Tns • Cl (pH 7.6) Cool the solution to 37°C 

2. Dissolve 10 jxg of purified bacteriophage A DNA (see Chapter 2) in 177 5 jul 
of TE (pH 7 6) and heat to 56°C for 5 minutes. This treatment denatures 
the cohesive termim of the bactenophage A DNA 

3. Cool the solution to 37°C, and rapidly add the following in the order listed 


8% polyethylene glycol (PEG 8000) 62 5 ju.1 

OImATP 5 0^1 

01m dithiothreitol 5 0 /tl 

bactenophage T4 DNA ligase 0 5 Weiss unit 

1% low-meltmg-temperature agarose solution 
(see step 1) 250 iil 


At least three different assays are used to measure the activity of bactenophage T4 
DNA ligase Most manufacturers (apart from New England Biolabs) now calibrate the 
enzyme in Weiss units (Weiss et al 1968) One Weiss unit is the amount of enzyme 
that catalyzes the exchange of 1 nmole of '“'‘P from pyrophosphate into ly,/3- '^PJATP 
in 20 minutes at 37°C One Weiss unit corresponds to 0 2 unit as determined in the 
exonuclease resistance assay (Modnch and Lehman 1970) and to 60 cohesive-end 
units as defined by New England Biolabs 0 015 Weiss unit of bacteriophage T4 DNA 
ligase therefore will ligate 50% of the Tfin dill fragments of bactenophage A ('5 /i,g) in 
30 mmutes at 16°C Throughout this manual, bacteriophage T4 DNA ligase is given 
in Weiss units 

4. Draw the mixture into a short length of Tygon tubing (3/32-inch internal 
diameter), and chill the tube on ice until the agarose has completely set 

5. Blow the agarose plug into a stenle, disposable plastic tube containing at 
least 3 volumes of 1 x ligation buffer containing polyethylene glycol. 


1 X Ligation buffer containing polyethylene glycol 

1 mM ATP 

10 mM dithiothreitol 

10 mM MgClg 

50 HIM Tris • Cl (pH 7.5) 

1% polyethylene glycol (PEG 8000) 
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6. Incubate the plug for 24 hours at room temperature and then transfer it to 
a tube containing 10 volumes of 20 him EDTA (pH 8.0). After incubation 
for 1 hour more, transfer the plug to a tube containing fresh 20 mM EDTA 
(pH 8 0) and store at 4°C until needed 

Notes 

1 . This procedure yields a senes of concatemers that contain up to 20 
tandemly arranged copies of bactenophage A DNA Usually, 400-600 ng 
of the concatenated DNA is loaded onto a single lane (1 cm in length) of a 
pulsed-field agarose gel 

u A rapid method to generate a senes of concatemers is described in 
Chapter 9, page 9 24. ^e method given above, although slower, generates 
a series of concatemers that contain a more even distnbution of DNA. 
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7 

Extraction^ 
Purificationf 
and Analysis of 
Messenger HNA from 
Eukaryotic Cells 


A typical mammalian cell contams about 10”® /u-g of RNA, 80-85% of which is 
rRNA (chiefly 28S, 18S, and 5S). Most of the remaining 15—20% consists of a 
variety of low-molecular-weight species (tRNAs, small nuclear RNAs, etc.) 
These RNAs are of defined size and sequence and can be isolated in virtually 
pure form by gel electrophoresis, density gradient centrifugation, or anion- 
exchange or high-performance liquid chromatography In contrast, mRNA, 
which makes up between 1% and 5% of the total cellular RNA, is heteroge¬ 
neous in both size (from a few hundred bases to many kilobases m length) 
and sequence. However, most eukaryotic mRNAs carry at their 3' termini a 
tract of polyadenylic acid residues that is generally long enough to allow 
mRNAs to be purified by affinity chromatography on oligo(dT)-cellulose The 
resultmg heterogeneous population of molecules collectively encodes virtually 
all of the polypeptides synthesized by the cell 
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Extraction and Rurittcation of RNA 


CONTBOLUNG BIBOmCLEASE ACnVIIY 

To obtain good preparations of eukaryotic mRNA, it is necessary to minimize 
the activity of RNAases liberated during cell lysis by using inhibitors of 
RNAases or methods that disrupt cells and inactivate RNAases simulta¬ 
neously as discussed below. Consequently, it is also important to avoid the 
accidental introduction of trace amounts of RNAase from other potential 
sources in the laboratory A number of precautions that can be used to avoid 
problems with RNAases are listed below Most experienced investigators do 
not rigorously adhere to these precautions but may employ one or more of 
them when difficulties are encountered This list is intended to be used as a 
guide when contamination with RNAase is a problem. 

Laboratory Procedures 

If proper care is not taken, preparations of RNA can be contammated with 
RNAases from outside sources including 

• Glassware, plastvcware, and electrophoresis tanks Stenle, disposable plas- 
ticware is essentially free of RNAases and can be used for the preparation 
and storage of RNA without pretreatment General laboratory glassware 
and plasticware, however, are often contaminated with RNAases and 
should be treated by baking at 180°C for 8 hours or more (glassware) or by 
rinsing with chloroform (plasticware) Alternatively, some workers fill 
beakers, tubes, and other items that are to be used for the preparation of 
RNA with diethyl pjrrocarbonate (DEPC) (0 1% in water), which is a strong, 
but not absolute, inhibitor of RNAases (Fedorcsak and Ehrenberg 1966) 
After the DEPC-filled glassware or plasticware has been allowed to stand 
for 2 hours at 37°C, it is rinsed several times with sterile water and then 
heated to 100°C for 15 minutes (Kumar and Lindberg 1972) or autoclaved 
for 15 minutes at 15 Ib/sq m on liquid cycle. These treatments remove 
traces of DEPC that might otherwise modify purine residues in RNA by 
carboxymethylation 

Note Carboxymethylated RNA is translated with very low efficiency m cell-free 
systems, however, its ability to form DNA RNA or RNA RNA hybnds is not seriously 
affected unless a large fraction of the purine residues have been modified 

Electrophoresis tanks used for electrophoresis of RNA should be cleaned 
with detergent solution, rinsed in water, dried with ethanol, and then filled 
with a solution of 3% H 2 O 2 After 10 minutes at room temperature, the 
electrophoresis tank should be rinsed thoroughly with water that has been 
treated with 0 1% DEPC (see below) 

It IS a good idea to set aside items of glassware, batches of plasticware, 
and electrophoresis tanks that are to be used only for experiments with 
RNA, to mark them distinctively, and to store them in a designated place. 

Caution: DEPC is suspected to be a carcinogen and should be handled 
with care 
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• Contamination by workers. A potentially major source of contamination 
with RNAase is the hands of the investigator. Disposable gloves should 
therefore be worn during the preparation of materials and solutions used 
for the isolation and analysis of RNA and during manipulations involving 
RNA Because gloves remain RNAase-free only if they do not come into 
contact with “dirty” glassware and surfaces, it is usually necessary to 
change gloves frequently when working with RNA 

• Contaminated solutions. All solutions should be prepared using RNAase- 
free glassware, autoclaved water, and chemicals reserved for work with 
RNA that are handled with baked spatulas Wherever possible, the 
solutions should be treated with 0.1% DEPC for at least 12 hours at 37°C 
and then heated to 100°C for 15 minutes or autoclaved for 15 minutes at 15 
Ib/sq in on liquid cycle 

Note DEPC reacts rapidly with amines and cannot be used to treat solutions contain¬ 
ing buffers such as Tns Reserve a fresh, unopened bottle of Tns crystals for 
preparation of RNAase-free solutions 


Inhibitors of Ribonncteases 

The following three types of specific inhibitors of RNAases are widely used 

• Protein inhibitor of RNAases Many RNAases bind tightly (^T, s 3 x 10^®) to 
a protein isolated from human placenta (Blackburn et al 1977), forming 
equimolar, noncovalent complexes that are enzymatically inactive In vivo, 
the protein is probably an inhibitor of angiogenin, an angiogenic factor 
whose amino acid sequence and predicted tertiary structure are similar to 
those of pancreatic RNAase (Kurachi et al 1985, Strydom et al 1985) The 
inhibitor, which is sold by several manufacturers under various trade 
names, should be stored at -20°C in 50% glycerol solutions containing 5 
niM dithiothreitol Preparations of the inhibitor that have been frozen and 
thawed several times or stored under oxidizing conditions should not be 
used; these treatments may denature the protein and release bound 
RNAases The mhibitor is therefore not used when denaturing agents are 
used to lyse mammalian cells m the initial stages of extraction of RNA 
However, it should be included when more gentle methods of lysis are used 
and should be present at all stages during the subsequent purification of 
RNA Fresh mhibitor should be added several times during the purification 
procedure, since it is removed by extraction with phenol. The inhibitor 
requires sulfhydryl reagents for maximal activity and does not interfere 
with reverse transcription (de Mart 3 moff et al 1980) or cell-free translation 
of mRNA (Scheele and Blackburn 1979). 

• Vanadyl-ribonucleoside complexes. The complexes formed between the ox- 
ovanadium IV ion and any of the four ribonucleosides are transition-state 
analogs that bmd to many RNAases and inhibit their activity almost 
completely (Berger and Birkenmeier 1979). The four vanadyl-nbonu- 
cleoside complexes are added to intact cells and used at a concentration of 
10 mM during all stages of RNA extraction and purification. The resultmg 
mRNA is isolated in a form that can be directly translated in frog oo(^es 
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and can be used as a template in some in vitro enzymatic reactions (e.g., 
reverse transcription of mRNA). However, vanadyl-ribonucleoside com¬ 
plexes strongly inhibit translation of mRNA in cell-free systems and must 
be removed from the mRNA by multiple extractions with phenol (equili¬ 
brated with 0.01 M Tns Cl [pH 7 8]) contedning 0.1% hydroxyquinoline. 
Vanadyl-ribonucleoside complexes are available from several commercial 
suppliers. 

■ Macaloid Macaloid is a clay that has been known for many years to adsorb 
RNAase The clay is prepared as a slurry (see Appendix B) that is used at a 
final concentration of 0 015% (w/v) in buffers used to lyse cells (Favaloro et 
al 1980) The clay, together with its adsorbed RNAase, is removed by 
centrifugation at some stage during the subsequent purification of the RNA 
(e g, after extraction with phenol). 

Methods That Mismpt Celts ami Iwutetivate Mibonueleases 
Simultawioowtsly 

Proteins dissolve readily in solutions of potent denaturing agents such as 
guanidine HCl and guanidimum thiocyanate (Cox 1968) Cellular structures 
disintegrate and nucleoproteins dissociate from nucleic acids as protein 
secondary structure is lost RNAases can recover activity after many forms of 
treatment (such as boiling) but are inactivated by 4 m guanidimum thiocyan¬ 
ate and reducing agents such as )3-mercaptoethanol (Sela et al 1957). This 
combination of reagents can therefore be used to isolate intact RNA from 
tissues, such as the pancreas, that are rich in RNAase (Chirgwin et al 1979) 
The protocols presented below use inhibitors of RNAase and/or methods 
that lead to the rapid inactivation of RNAases for the isolation of total, 
nuclear, and cytoplasmic RNAs from tissues and cultured cells 
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ISOLATION OF RNAa 

Isolation of Total KNA from ManunalUm CeUs 

This procedure is a modification of the method descnbed by Favaloro et al 
(1980) for the isolation of RNA from monolayers of mammalian cells grown in 
tissue culture However, it can also be used to isolate RNA from mammalian 
cells grown in suspension or from mammalian tissues that can be readily 
dispersed into single cells. This method is not suitable for extraction of RNA 
from solid tissue because the method used to lyse the cells (digestion mth 
proteinase K in the presence of SDS) is slow Endogenous RNAases therefore 
have time to act before they are digested by protease or inactivated by 
inhibitors. The lysis buffer used in the original method (Favaloro et al. 1980) 
contained 0 015% (w/v) of a diatomaceous earth, “Macaloid,” which adsorbed 
and inactivated RNAases. Although Macaloid is still available (NL Chemi¬ 
cals), vanadyl-nbonucleoside complexes or a protein inhibitor of RNAases is 
now more commonly used. The advantages of the following procedure are its 
speed and the ability to process many samples simultaneously 

1. Lysis of cells growing in monolayers 

a Remove the medium by aspiration, and wash each monolayer twice 
with 7 ml of ice-cold phosphate-buffered saline (PBS) lacking calcium 
and magnesium ions (see Appendix B). Stand the plates on a bed of 
ice until all of the monolayers have been washed 

The plates may be placed on an aluminum plate on top of a tray of ice 

b Add 0 5 ml of RNA extraction buffer per 90-mm plate Allow the 
extraction buffer to spread across the surface of the plate 

RNA extraction buffer 

0 14 M NaCl 

1.5 niM MgClj 

10 mM Tris Cl (pH 8.6) 

0 5% Nonidet P-40 (NP-40) 

1 niM dithiothreitol 

1000 units/ml placental RNAase inhibitor or 20 niM vanadyl- 
ribonucleoside complexes 

c. Add 0 5 ml of proteinase digestion buffer Mix the viscous lysate with 
a policeman, and scrape it to the edge of the plate. 

Proteinase digestion buffer 

02m Tris • Cl (pH 8.0) 

26 HIM EDTA (pH 8.0) 

0.3 M NaCl 
2% SDS 


7.6 Extraction, Punficatwn, and Analysis of Messenger RNA from Eukaryotic CeUs 



d. Draw the lysate into a hypodermic S 3 rringe fitted with a 21-gauge 
needle, and then expel it into a polypropylene tube. Repeat three or 
four times to shear the cellular DNA. 

e Add proteinase K to a final concentration of 200 /ig/ml. Mix the 
solution well and incubate for 30 minutes at 37°C. 

Proteinase K is stored as a stock solution at a concentration of 20 mg/ml in water 
(see Appendix B) 

Lysis of cells growing in suspension or single-cell suspensions of 
tissues 

a Collect the cells by centrifugation at 2000g for 5 minutes at 4°C 
Wash the cell pellet three times by resuspension in 10 volumes 
of ice-cold PBS lacking calcium and magnesium ions, use a wide- 
bore pipette to disperse the cell pellet gently, but completely, each 
time. 

b. Estimate the volume of the packed cells, and resuspend them m 
10—20 volumes of RNA extraction buffer 

c Add a volume of proteinase digestion buffer equal to the volume of 
RNA extraction buffer added in b Mix the solution rapidly by 
vortexing. Draw the lysate into a hypodermic syringe fitted with a 
21-gauge needle, and then expel it into a polypropylene tube Repeat 
three or four times to shear the cellular DNA. 

d Add proteinase K to a final concentration of 200 ju,g/ml. Mix the 
solution well and incubate for 30 minutes at 37°C 

Proteinase K is stored as a stock solution at a concentration of 20 mg/ml in water 
(see Appendix B) 

2. Remove the proteins by extracting once with an equal volume of 
phenol chloroform. 

3. Separate the aqueous and organic phases by centrifugation at 5000g for 
10 minutes at room temperature in a swinging-bucket rotor Transfer 
the aqueous phase to a fresh tube, and add 2.5 volumes of ice-cold 
ethanol Mix the solution well and chill to 0®C for 1 hour 

4. Recover the RNA by centrifugation at 500Qg for 10 minutes at O^C 
Discard the supernatant, and wash the pellet with 70% ethanol contain¬ 
ing 01 m sodium acetate (pH 5.2) Use an automatic micropipettor to 
remove as much of the ethanol as possible, and then allow the pellet to 
dry at room temperature for a few minutes 

It IS important not to desiccate the pellet Dried pellets of nucleic acid are very 
difficult to redis solve 

5. Redissolve the pellet in a small volume (200 pi per 90-mm plate or 10^ 
cells) of 50 mM Tris Cl (pH 7 8), 1 mM EDTA (pH 8.0). 
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6. Add MgCla and dithiothreitol to final concentrations of 10 him and 0 1 
mM, respectively, and then add placental RNAase inhibitor or vanadyl- 
nbonucleoside complexes to a final concentration of 1000 umts/ml or 10 
niM, respectively 

7. Add RNAase-free pancreatic DNAase I (see Appendix B) to a final 
concentration of 2 /ig/ml Incubate the mixture for 60 minutes at 37*0. 

8. Add EDTA and SDS to final concentrations of 10 him and 0 2%, respec¬ 
tively 

9. Extract the solution once with an equal volume of phenol chloroform 

10 . Separate the aqueous and organic phases by centrifugation at SOOQg for 
10 mmutes at room temperature Transfer the aqueous phase to a fresh 
tube, and add 3 M sodium acetate (pH 5 2) to a final concentration of 0 3 
M, Add 2.5 volumes of ice-cold ethanol, mix the solution well, and chill 
for 2 hours on ice 

11. Collect the RNA by centrifugation at 12,00Qg for 5 minutes at 4°C in a 
microfuge. 

12. Remove all of the ethanol Stand the open tube on the bench for a few 
minutes to allow the last traces of ethanol to evaporate 

13. Redissolve the pellet in 200 /u.1 of TE (pH 7.6) Add 500 ju,l of ethanol, and 
store the preparation at -70°C until it is needed 

To recover the RNA, remove an aliquot, add 3 m sodium acetate (pH 
5 2) to a final concentration of 0 3 m, mix well, and centrifuge at 12,000g 
for 5 minutes at 4°C in a microfuge 


Notes 

1 , The concentration of the RNA can be determined by measuring the ODjgo 
of an aliquot of the final preparation. Recover the RNA from 10 /il of the 
ethanol/TE mixture (step 13) and redissolve the pellet in 400 jul of HgO 
Measure the ODggo A solution of RNA whose ODjgo = 1 contains approx¬ 
imately 40 ixg of RNA per milliliter If you wish to use this RNA dilution 
sample, use cuvettes that have been soaked for 1 hour in concentrated 
HCl methanol (11) and then washed extensively in water that has been 
treated with diethyl p3n:ocarbonate (DEPC) and autoclaved (see page 7.4). 

Caution: DEPC is suspected to be a carcinogen and should be handled 
with care. 

li. If desired, poljKA)* RNA can be purified from the preparation of total 
cellular RNA and freed from contaminating ohgodeoxyribonucleotides by 
chromatography on ohgo(dT)-cellulose (see pages 7.26-7.29). 
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111 . In some cases (e.g., when preparing RNA from cells infected with DNA 
viruses or from cells transfected with DNA), it is necessary to remove 
ohgodeoxyribonucleotides from the preparation of total cellular RNA. If 
this IS not done, problems may arise when the RNA is used to generate 
cDNA libraries or in primer-extension reactions. Contaminating frag¬ 
ments of template DNA may hybridize to the RNA and serve as primers 
during reverse transcription This can lead to erroneous mapping of the 
5' termini of specific mRNAs and to the generation of truncated cDNA 
clones 

a After step 12, resuspend the pellet of nucleic acid in 200 /xl of 3 m 
sodium acetate (pH 5 2) by repeated pipetting with an automatic 
micropipettor. Transfer the suspension to a fresh, stenle microfuge 
tube 

b Centrifuge the suspension at 12,000lg for 10 minutes at room tempera¬ 
ture in a microfuge The RNA sediments to the bottom of the tube, 
while the great majority of the ohgodeoxyribonucleotides remain in 
solution 

c Discard the supernatant, and redissolve the pellet in 200 ftl of TE (pH 
7 6) Add 20 ju,l of 3 m sodium acetate (pH 5 2), mix well, and add 550 
fjd of ice-cold ethanol Mix the solution and chill for 30 minutes on ice 
Recover the RNA by centrifugation at 12,000g for 10 minutes at 4°C in 
a microfuge Carefully remove the supernatant by aspiration 

d Redissolve the pellet in 300 ^ll of TE (pH 7 6), and add 1 ml of ethanol 
Store the preparation at -70°C until it is needed 
To recover the RNA, remove an aliquot, add 3 m sodium acetate (pH 
5 2) to a final concentration of 0 3 M, mix well, and centrifuge at 
12,00Qg for 5 minutes at 4°C in a microfuge 

If necessary, vanadyl-nbonucleoside complexes can be removed by extracting the 
final preparation of RNA several times with phenol (equilibrated with 0 01 M 
Tns Cl I pH 7 8|) containing 0 1% hydroxyqumoline 

IV The jaeld of RNA from most lines of cultured cells is 100-200 fig per 
90-mm plate 
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tt/apiA IsolaMwon of Totui MtNA. from MomnuMnn Cells 

In recent years, a number of rapid methods have been developed to isolate 
RNA from mammalian cells grown in culture. These methods fall into two 
classes: those that depend on differential extraction of RNA by organic 
solvents (e.g., phenol at acid pH; Stallcup and Washington 1983) and those 
that utilize differential precipitation to separate high-molecular-weight RNA 
from other types of nucleic acid (e g , Bimboim 1988). Both classes of method 
work well even with types of cultured cells (e.g, macrophages and granulo¬ 
cytes) that contain relatively little mRNA and have high endogenous levels of 
RNAase. Memy samples can be handled simultaneously and there are 
minimal losses of RNA. The method given below is an adaptation (D Israel, 
unpubl) of a protocol developed by Stallcup and Washington (1983) 

1. Remove the medium by aspiration, and wash each monolayer twice with 
7 ml of ice-cold phosphate-buffered saline (PBS) lacking calcium and 
magnesium ions (see Appendix B) Stand the plates on a bed of ice until 
all of the monolayers have been washed 

The plates can be placed on an aluminum plate on top of a tray of ice 

2. Add 2 ml of 10 him EDTA (pH 8 0), 0 5% SDS to each 90-mm plate of 
cells Using a policeman, scrape the lysate into a 15-ml disposable 
polypropylene tube (Falcon 2053 or equivalent) 

3. Rinse the plate with 2 ml of 0.1 m sodium acetate (pH 5 2), 10 mM EDTA 
(pH 8 0). Transfer the solution to the tube containing the cell lysate 

4. Add 4 ml of phenol (equilibrated with water), and mix the contents of the 
tube by shaking for 2 minutes at room temperature The cellular DNA 
precipitates as a white, stringy mass 

5. Separate the phases by centrifugation at 5000 rpm for 10 minutes at 4°C 
m a Sorvall HB-4 or SS34 rotor (or equivalent) The DNA should form a 
tight cushion at the interface of the two phases 

6. Using a sterile pasteur pipette, transfer the upper (aqueous) phase to a 
fresh tube containing 440 /tl of ice-cold 1 m Tris Cl (pH 8 0) and 180 /xl of 
5 M NaCl. 

7. Add 2 volumes of ice-cold ethanol Mix the contents of the tube and store 
it for at least 30 minutes at 0°C 

8. Collect the RNA by centrifugation at 5000 rpm for 10 minutes at 4“C in a 
Sorvall HB-4 or SS34 rotor (or equivalent) Remove the ethanol, and 
store the tubes in an inverted position until all of the ethanol has drained 
away 

9. Redissolve the RNA in 200 fil of ice-cold TE (pH 8.0) Transfer the 
solution to a sterile microfuge tube, and add 4 /il of 5 m NaCl and 500 /xl 
of ice-cold ethanol. 
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10. Collect the RNA by centrifugation at 12,00Qg' for 5 minutes at 4°C in a 
microfuge. 

11. Remove all of the ethanol Stand the open tube on the bench for a few 
minutes to allow the last traces of ethanol to evaporate 

12. Redissolve the RNA m the desired buffer 


Notes 

I The )aeld of RNA from most lines of cultured cells is 100—200 ftg per 
90-mm plate. 

II Several plates can be harvested simultaneously by transferrmg the lysate 
and acetate wash sequentially from plate to plate 

III The yield of RNA can be increased slightly by extracting the organic 
phase at the end of step 6 with 2 ml of a solution containing equal 
amounts of the EDTA/SDS lysis solution (step 2) and the sodium acetate/ 
EDTA solution (step 3) Pool this aqueous phase with the original 
aqueous phase Adjust the volumes of the reagents used m step 6 to 
maintain the same ratios of aqueous phase to reagents 
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Jsolatfom of fjfftoplasmie MtNA from Mammalian Cells 

This is a convenient and well-tested procedure for purifying cytoplasmic RNA 
from cells grown in tissue culture The method is similar to that descnbed 
previously to isolate total cellular RNA, except that the nuclei are removed by 
centrifugation at an early stage The proceWe is rapid, many samples can 
be processed simultaneously, and most of the steps can be carried out at room 
temperature RNA prepared in this way is an excellent template for the 
preparation of cDNA libranes, for cell-free translation, and for pnmer exten¬ 
sion and nuclease-Sl protection assays 

1. To harvest cells growing in monolayers 

a. Remove the medium by aspiration, and wash each monolayer twice 
with 7 ml of ice-cold phosphate-buffered saline (PBS) lacking calcium 
and magnesium ions (see Appendix B) Stand the plates on a bed of 
ice until all of the monolayers have been washed 

The plates may be placed on an aluminum plate on top of a tray of ice 

b Using a policeman, scrape the cells into the small amount of residual 
PBS Transfer the cells to a microfuge tube 

To harvest cells growing in suspension or single-cell suspensions of 
tissues. 

a Collect the cells by centnfugation at 2000g for 5 minutes at 4“C 
Wash the cell pellet twice by resuspension in 10 volumes of ice-cold 
PBS lacking calcium and magnesium ions, use a wide-bore pipette to 
disperse the cell pellet gently, but completely, each time 

b Estimate the volume of the packed cells, and resuspend them in 
10-20 volumes of PBS Transfer 1 ml of the suspension to a 
microfuge tube 

2. Centrifuge the cells at 12,00Qg for 30 seconds at 4°C in a microfuge 
Discard the supernatant, and resuspend the cell pellet m 200 ;ul of RNA 
extraction buffer. Vortex the suspension for 15 seconds, and then stand 
the microfuge tube on ice for 5 minutes 


RNA extraction buffer 

0.14 M NaCl 
15 niM MgClj 
lOmMTris-Cl (pH 8.6) 

0.5% Nonidet P-40 (NP40) 

1 mM dithiothreitol 

1000 umts/ml placental RNAase inhibitor or 20 mM vanadyl- 
ribonucleoside complexes 
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3. Centrifuge at 12,000!g' for 90 seconds at 4°C m a nucrofuge Transfer the 
supernatant to a fresh microfuge tube. Discard the pellet, which consists 
of unlysed cells and nuclei 

4. Add 200 yLtl of proteinase digestion buffer Mix by vortexing Add 
proteinase K to a final concentration of 50 fxg/ml Mix the solution well 
and incubate for 30 minutes at 37°C 


Proteinase digestion buffer 

0.2 M Tris • Cl (pH 8.0) 
25 urn EDTA (pH 8.0) 
0.3 M NaCl 
2% SDS 


Proteinase K is stored as a stock solution at a concentration of 20 mg/ ml in water 
(see Appendix B) 

Older versions of this protocol do not call for digestion with proteinase K However, 
if this step is omitted, a bulky precipitate forms at the interface of the organic and 
aqueous phases in step 5 The size of this precipitate is affected by the type of cells 
used and the conditions under which they are grown In the worst cases, it can 
completely occupy the aqueous phase and make recovery of RNA very difficult 

5. Remove the proteins by extracting once with an equal volume of 
phenol chloroform 

6. Separate the aqueous and organic phases by centrifugation at 5000g for 
10 minutes at room temperature 

It IS best to centrifuge the microfuge tubes in a swingmg-bucket rotor (eg, m a 
Sorvall HB-4 rotor or its equivalent) rather than in a fixed-angle microfuge In the 
latter case, particulate material sticks to the side of the tube and contaminates the 
aqueous phase 

7. Transfer the aqueous phase to a fresh microfuge tube, and add 400 /xl of 
ice-cold isopropanol Mix well, and chill for 30 minutes on ice 

8. Collect the RNA by centrifugation at 12,000g for 10 minutes at 4°C in a 
microfuge Use an automatic micropipettor fitted with a 1-ml disposable 
tip to remove the supernatant Add 1 ml of 70% ethanol at room 
temperature, vortex briefly, and recentnfuge 

9. Carefully remove as much as possible of the supernatant, and store the 
open tube at room temperature until the last visible traces of ethanol 
have evaporated Proceed to step 18 or continue with steps 10—17 if 
necessary as noted below 

It IS important not to desiccate the pellet Dried pellets of nucleic acid are very 
difficult to redissolve 
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Steps 10—17 need to be earned out only when isolating c 3 d;oplasmic RNA from cells 
that have been transfected with DNA or from cells infected with DNA viruses 
Cytoplasm prepared from such cells invariably contains a large quantity of template 
DNA, which must be removed before the RNA can be used for translation, northern 
hybridization, or synthesis of cDNA Cytoplasm prepared from uninfected or 
untransfected cells generally contains only a small quantity of cellular DNA that 
generally does not compromise experiments with the RNA 

10. Redissolve the pellet in a small volume (200 fil per 90-mm plate or lO’ 
cells) of 50 niM Tris Cl (pH 7 8), 1 him EDTA (pH 8 0). 

11. Add MgCla and dithiothreitol to final concentrations of 10 mM and 0 1 
mM, respectively, and then add placental RNAase inhibitor or vanadyl- 
ribonucleoside complexes to a final concentration of 1000 units/ml or 10 
mM, respectively 

12. Add RNAase-free pancreatic DNAase I (see Appendix B) to a final 
concentration of 2 jag/ml Incubate for 60 minutes at 37°C 

13. Add EDTA and SDS to final concentrations of 10 mM and 0 2%, respec¬ 
tively. 

14. Extract the solution once with an equal volume of phenol.chloroform. 

15. Separate the aqueous and organic phases by centrifugation at 12,000sg for 
5 minutes at room temperature in a microfuge Transfer the aqueous 
phase to a fresh microfuge tube, and add 3 m sodium acetate (pH 5.2) to a 
final concentration of 0 3 m Add 2 5 volumes of ice-cold ethanol, mix 
well, and chill for at least 30 minutes on ice 

16. Collect the RNA by centrifugation at 12,000g for 5 minutes at 4°C in a 
microfuge 

17. Remove all of the ethanol. Stand the open tube on the bench for a few 
minutes to allow the last traces of ethanol to evaporate 

18. Redissolve the pellet in 200 [xl of TE (pH 7 6). Add 500 /A of ethanol, and 
store the preparation at -70°C until it is needed 

To recover the RNA, remove an aliquot, add 3 m sodium acetate (pH 
5.2) to a final concentration of 0.3 m, mix well, and centrifuge at 12,000g 
for 5 minutes at 4°C in a microfuge. 

Notes 

1 The concentration of the RNA can be determined by measuring the ODjeo 
of an aliquot of the final preparation Recover the RNA from 10 ju.1 of the 
ethanol/TE mixture (step 18) and redissolve it m 400 ju,l of HgO. Measure 
the ODgeo- A solution of RNA whose ODjgo = 1 contadns approximately 40 
fig of RNA per milliliter If you wish to use this RNA dilution sample, use 
cuvettes that have been soaked for 1 hour in concentrated HChmethanol 
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(1.1) and then washed extensively in water that has been treated with 
diethyl pyrocarbonate (DEPC) and autoclaved (see page 7.4) 

Caution: DEPC is suspected to be a carcinogen and should be handled 
with care 

II If desired, poly(A)^ RNA can be purified from the preparation of total 
c 3 d;oplasmic RNA and freed from contaminating oligodeoxyribonucleotides 
by chromatography on oligo(dT)-cellulose (see pages 7 26-7.29) 

III The yield of cytoplasmic RNA from different types of mammalian cells 
varies greatly—from 30 /ig to 500 /xg of RNA per 10^ cells—depending on 
their sizes and states of differentiation The amount of RNA obtained per 
plate of cells is even more variable, since it is greatly influenced by the 
density of the cells at the time of harvest 
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laotuUon of Total MINA from Eggs and Embryos 

This simple method works very well for oocytes, fertilized eggs, and embryos 
of frogs, sea urchins, tunicates, worms, and flies Precipitation of the RNA 
with lithium chloride is helpful in removing glycoproteins and yolky compo¬ 
nents from the preparations No attempt is made to remove DNA from the 
preparation, since the amount of RNA obtained greatly exceeds the amount of 
contaminating DNA. Although these genomic DNA sequences do not inter¬ 
fere with hybridization or translation, they might cause complications if the 
RNA IS to be used to generate cDNA libraries In this case, we recommend 
that the DNA be removed by digestion with RNAase-free pancreatic DNAase 
I as described on page 7.8. 

1. Place the tissue in a baked glass homogenizer and remove all extraneous 
fluid. Fly embryos should be washed with 0 5% Tnton X-100 to remove 
medium. 

2. Add about 10 volumes of homogenization buffer, and immediately 
homogenize until the tissue is thoroughly dispersed 

Homogenization buffer 

50 mM NaCl 

50 mM Tns Cl (pH 7.5) 

5 mM EDTA (pH 8.0) 

0.5% SDS 

200 /Lig/ml proteinase K 


Proteinase K is stored as a stock solution at a concentration of 20 mg/ml m water 
(see Appendix B) 

3. Incubate the homogenate for 1 hour at 37°C Mix occasionally 

4. Transfer the homogenate to a polypropylene tube, add an equal volume of 
phenolxhloroform, and vortex vigorously for 1 minute. Separate the 
organic and aqueous phases by centrifugation at 500Qg for 10 minutes at 
room temperature in a swinging-bucket rotor 

5. Transfer the aqueous (upper) phase to a fresh tube, and reextract with 
phenolrchloroform as described in step 4 

6. Transfer the aqueous phase to a fresh tube, and add 0.1 volume of 3 m 
sodium acetate (pH 5.2). Mix well, and add 2.5 volumes of ice-cold 
ethanol. Store for 2 hours on ice. 

7. Centrifuge at 5000g for 15 minutes at 4‘'C. Carefully discard the 
supernatant, and allow the pellet of nucleic acid to dry at room tempera¬ 
ture. Proceed to step 11 or continue with steps 8—10 if necessary as 
noted below. 
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Many embryonic tissues contain large amounts of yolk and glycoproteins that are not 
removed from preparations of RNA by extraction with organic solvents In these 
cases, the RNA should be punfied further by precipitation with LiCl (steps 8-10) 

8. Redissolve the pellet in a small volume of water Add an equal volume of 
8 M LiCl that has been sterilized by autoclaving, and mix well. Store at 
—20°C for at least 3 hours 

9. Recover the RNA by centrifugation at 10,00Qg for 30 minutes at 4°C 
Carefully discard the supernatant 

10. Wash the pellet with 70% ethanol, recentrifuge briefly, discard the 
supematamt, and allow the pellet of nucleic acid to dry in the air 

11. Redissolve the RNA in a small volume of water Add 3 volumes of 
ethanol, and store the preparation at — 70°C until it is needed. 

To recover the RNA, remove an aliquot, add 3 m sodium acetate (pH 
5 2) to a final concentration of 0 3 m, mix well, and centrifuge at 12,OOQg 
for 5 minutes at 4°C in a microfuge 


Note 

The concentration of the RNA can be determined by measuring the ODjgo of 
an aliquot of the final preparation Recover the RNA from 10 /il of the 
ethanol/water mixture (step 11) and redissolve it in 400 /il of HgO. Measure 
the ODgeo A solution of RNA whose ODgeo = 1 contains approximately 40 fig 
of RNA per milliliter If you wish to use this RNA dilution sample, use 
cuvettes that have been soaked for 1 hour in concentrated HChmethanol (1‘1) 
and then washed extensively in water that has been treated with diethyl 
pyrocarbonate (DEPC) and autoclaved (see page 7 4) 

Caution: DEPC is suspected to be a carcinogen and should be handled with 
care 
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Isotation of Total BNA by Extraction with Strong Benaturants 

The two methods given below were devised originally to isolate RNA from 
cells that cannot be fractionated easily into cytoplasm and nuclei (e g, frozen 
fragments of tissue) or from cells that are particularly nch in RNAases (e g, 
pancreatic cells) (Chirgwin et al 1979) Because of their success in obtaining 
RNA from these “difficult” sources, the methods have become widely adopted 
and are now routinely used to isolate RNA from common mammalian cell 
lines. Both the yield and quality of RNA prepared with chaotropic agents are 
consistently high, and we therefore recommend that these methods be used 
whenever possible However, both procedures suffer from the disadvantage 
of being rather cumbersome and therefore are not well-suited to the isolation 
of RNA from large numbers of different samples of cultured cells For this 
purpose, one of the methods described previously might be more suitable 

Tissues should be freshly harvested, weighed, cut into small pieces (1 cm^) 
with a stenle scalpel, and placed directly into homogenization buffer (see 
below) or, if not to be used immediately, into liquid nitrogen and stored at 
-70°C 

Cells grown in suspension should be recovered by centrifugation, washed 
once with phosphate-buffered saline (PBS) (see Appendix B), recentrifuged, 
drained well, and either used immmediately or quick-frozen in liquid nitro¬ 
gen and stored at -70°C Cells groAvn in monolayers should be washed once 
with PBS, drained well, and either used immediately or quick-frozen in liquid 
nitrogen and stored at -70°C This can be achieved as follows 

1. Make a shallow tray from aluminum foil and arrange the tissue-culture 
plates (with their covers on) in it Do not stack the plates on top of one 
another 

2 Slowly pour liquid nitrogen into the tray, so that it runs underneath the 
bottom of the plates. After the residual liquid m the plates has frozen, 
quickly wrap the plates in aluminum foil and store them at - 70°C 

Frozen monolayers of cells stored at -70°C should be thawed directly in 
homogenization buffer at room temperature Frozen tissues and pellets of 
cells should be powdered m a chilled homogenizer, homogenization buffer 
should then be added to the powdered cells while they are still m the frozen 
state 
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EXTRACTION OF RNA WITH GUANIDINIUM THIOCYANATE FOLX.OWED 
BY CENTRIFUGATION IN CESIUM CHLORIDE SOLUTIONS 

This IS a modification of methods described by Glisin et al (1974) and Ullrich 
et al (1977). Cells and tissues are prepared as described on pages 7 6-7.7 
Guamdimum thiocyanate is used to disrupt the cells, and the resulting 
homogenate is then layered on a cushion of a dense solution of CsCl The 
buoyant density of RNA m CsCl ( > 1 8 g/ml) is much greater than that of 
other cellular components During centrifugation, the RNA forms a pellet on 
the bottom of the tube, while the DNA and protein float in the supernatant 
solution 

Small RNAs (eg, 5S RNA and tRNAs), which do not sediment efficiently during 
centrifugation through CsCl, should not be prepared by this method 

1. Either 

a To a fragment of tissue or a pellet of cells, add 5 volumes of 
guamdimum thiocyanate homogenization buffer 

or 

b To each confluent monolayer of cells, add 1 ml of guamdimum 
thiocyanate homogenization buffer Allow the solution to spread 
across the plate until all of the cells are covered Scrape the viscous 
lysate to the edge of the plate with a policeman, and transfer it to a 
tube for homogenization 

Guamdimum thiocyanate homogenization buffer 

4.0 M guanidimum thiocyanate (M,. = 118.1) 

0.1 M Tris Cl (pH 7 5) 

1% fl-mercaptoethanol 

Dissolve 50 g of guanidimum thiocyanate in 10 ml of 1 m Tris • Cl 
(pH 7 5), and add HgO to 100 ml. Filter the solution through a 
Whatman No 1 filter or equivalent. This solution is stable and 
can be stored indefinitely at room temperature. Just before use, 
add ^-mercaptoethanol to a final concentration of 1% (0.14 m). 


2. Homogenize the cell lysates with a Con-Torque tissue grinder (made by 
Eberbach and available from Fisher) or a Polytron homogemzer (Bnnk- 
mann) (RNAase-free) at high speed for 1-2 minutes Homogenization 
shears the nuclear DNA and prevents the formation of an impenetrable 
mat on the top of the cushion of CsCl, which might block sedimentation 
of the RNA to the bottom of the centrifuge tube Homogenization 
increases the yield of RNA by a factor of approximately 2 

homogenizers are not available, the unclear DNA can be sheared by 
drawing the preparation into a sterile hypodermic syringe and expelling it through a 
23-gauge needle Repeat this procedure several times until the preparation is no 
longer viscous 
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3. After homogenization, add sodium lauryl sarcosmate to a final concen¬ 
tration of 0.5% and mix the suspension well Centrifuge at 5000g for 10 
minutes at room temperature. 

Sodium lauryl sarcosmate is used as a detergent because SDS is insoluble in 
concentrated salt solutions 

The centnfiigation step can usually be omitted when processing lysates of cultured 
cells 


4. Transfer the supernatant (or the lysate of cultured cells) to a fresh tube, 
and draw it into a hypodermic syringe fitted with a 23-gauge needle. 
Layer the samples onto a cushion of 5 7 m CsCl, 0 01 m EDTA (pH 7 5) m 
a clear ultracentnfuge tube Using a waterproof marker, mark the 
position of the top of the cushion on the outside of the tube Use 
guanidimum thiocyanate homogenization buffer to fill the tubes and to 
equalize their weights 

The CsCl/EDTA solution is made m lOO-ml batches by dissolving 96 0 g of CsCl in 
90 ml of 0 01 M EDTA (pH 7 5) and adding diethyl pyrocarbonate (DEPC) to a final 
concentration of 01% Allow the solution to stand for 30 minutes, and then 
autoclave for 20 minutes at 15 Ib/sq in on liquid cycle When the solution has 
cooled, adjust the volume to 100 ml with DEPC-treated water (see page 7 4) 

Caution: DEPC is suspected to be a carcinogen and should be handled with care 

For convenience m later steps, the tubes should be labeled on the bottom 


5. Centrifuge at 20°C for the time and at the speed indicated in the table 
below 

A swinging-bucket rotor is preferred to a fixed-angle rotoi because the RNA is 
deposited at the bottom of the centrifuge tube rather than along the wall (where it 
comes into contact with the cell lysate) 

Turn off the centnfuge brake before decelerating the rotor to prevent disturbing the 
contents of the tube 


Volume of Volume of CsCl/ Time Speed 
Rotor homogenate (ml) EDTA cushion (ml) (hours) (rpm) 

SW60 L2 31 12 40,000 

(7/16" X 21") 

SW41 3 5 9 7 24 32,000 

(9/16" X 31") 

SW28 12 0 26 5 24 25,000 

(U"x3i") 


6, Take care not to disturb the gradients when removing the tubes from the 
centrifuge. Draw a line on the outside of each tube approximately 0.5 cm 
from the bottom. Using a pasteur pipette, carefully remove the fluid 
above the level of the cushion (upper mark on the outside of the tube) 
This part of the gradient contains the viscous cellular DNA, which is 
usually visible as a white band. With a fresh pipette, remove the fluid 
above the lower mark on the outside of the tube. 
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7. Using a red-hot razor blade held in a hemostat, cut off the bottom of the 
tube just above the level of the remaimng fluid Place the bottom of the 
tube on a pad of Kimwipes, and carefully withdraw the fluid with an 
automatic pipettor. Invert the tube and allow any remaining fluid to 
drain into the pad of Kimwipes Return the tube to an upright position. 
Check that the pellet of RNA has not fallen out of the tube 

Depending on the amount of RNA present, the pellet may be invisible in the tube, 
but it can be seen easily enough if it falls onto the pad of Kimwipes Should this 
occur, use sterile forceps to return the pellet of RNA to the tube 

8. Fill the bottom of the tube with 70% ethanol at room temperature. 
Invert the tube and drain off the ethanol, again checking that the pellet 
of RNA IS not dislodged 

Washing with ethanol removes CsCl from the pellet of RNA, making it easier to 
dissolve 

9. Allow the pellet of RNA to diy at room temperature Dissolve the pellet 
of RNA in the appropriate volume of TE (pH 7 6) contammg 0 1% SDS by 
drawing the fluid repeatedly into an automatic pipettor fitted with a 
disposable tip 

Volume of TE (pH 7.6)/ 

Volume of homogenate 0.1% SDS 

3 3 ml 100 /Lil 

10 0 ml 300 (jlI 

26 0 ml 1 0 ml 

If the RNA is difficult to dissolve, freeze and thaw the sample twice and then heat it 
to 45°C This usually breaks up the pellets and allows them to dissolve rapidly 
Alternatively, the pellets can be homogenized in the TE/SDS solution in a Con- 
Torque tissue grinder (made by Eberbach and available from Fisher) or a Pol 3 d;ron 
homogenizer (Bnnkmann) (RNAase-free) 

Transfer the RNA solution to a microfuge tube. Rinse the bottom of 
the ultracentnfuge tube with 25 of TE (pH 7 6) and add to the 
microfuge tube 

10. To the solution of RNA in the microfuge tube, add 150 ^il of TE (pH 7 6), 
30 jLtl of 3 M sodium acetate (pH 5 2), and 0 9 ml of ice-cold ethanol. Mix 
well, and store for at least 30 minutes at 0°C 

11. Collect the precipitate of RNA by centrifugation at 12,000g for 10 
minutes at 4°C in a microfuge Discard the supernatant 

12. Wash the pellet ivith 70% ethanol, recentrifuge briefly, and allow the 
pellet of nucleic acid to dry in the air 

13. Redissolve the RNA in a small volume of water Add 3 voliunes of 
ethanol, and store the preparation at -70°C until it is needed 

To recover the RNA, remove an aliquot, add 3 m sodium acetate (pH 
5.2) to a final concentration of 0 3 m, mix well, and centrifuge at 12,000g 
for 5 minutes at 4‘’C in a microfuge. 
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Notes 

i The RNA extracted from cultured cells and from most tissues is pure 
enough to be used for northern hybridization and nuclease-Sl analysis 
without further treatment However, RNA extracted from certain tissues 
(e.g., spleen) may be contaminated with protein, which should be removed 
by extraction with organic solvents The solution of RNA (step 9) is 
extracted once with phenohchloroform and once with chloroform alone 
The RNA is then recovered from the aqueous phase by precipitation with 
ethanol as described in step 10. RNA isolated from liver is often 
contaminated with glycogen, which can be removed by precipitating the 
RNA with salt. Add 3 volumes of 4 m sodium acetate (pH 7.0), mix well, 
and store at 0°C overnight Recover the RNA by centrifugation at SOOQg 
for 15 minutes at 4°C 

li. RNA isolated from cells transfected with DNA or from cells infected with 
DNA viruses may be contaminated with template DNA, which must be 
removed before the RNA can be used for translation, northern hybridiza¬ 
tion, or synthesis of cDNA (see steps 10-17, page 7 14) RNA prepared 
from uninfected or untransfected cells generally contains only a small 
quantity of cellular DNA that generally does not compromise expenments 
with the RNA. 
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EXTRACTION OF RNA WITH GUANIDINE HCI 
AND ORGANIC SOLVENTS 

This IS a modification of methods described by Strohman et al (1977) and 
MacDonald et al (1987) Cells and tissues are prepared as described on 
pages 7 6-7 7 

1. Either 

a To a fragment of tissue or a cell pellet, add 10 volumes of guanidine 
HCI homogenization buffer I 


or 

b To each confluent monolayer of cells, add 1 ml of guanidine HCI 
homogenization buffer I Allow the solution to spread across the plate 
until all of the cells are covered Scrape the viscous lysate to the edge 
of the plate with a policeman, and transfer it to a tube for homogeni¬ 
zation 


Guanidine HCI homogenization buffer I 

8 M guanidine HCI (M,. = 95 6) 

01m sodium acetate (pH 5 2) 

5 niM dithiothreitol 

0.5% sodium lauryl sarcosinate 

Add 191 g of guanidine HCI to 8.35 ml of 3 m sodium acetate (pH 
5.2) and 6.25 ml of 0 2 m dithiothreitol. Add HjO to 237.5 ml and 
mix well. Add 12.5 ml of 10% sodium lauryl sarcosinate and mix 
by vortexmg 


2. Homogenize the lysates with a Con-Torque tissue grinder (made by 
Eberbach and available from Fisher) or a Polytron homogemzer (Brink- 
mann) (RNAase-free) for 1 minute at room temperature. 

3. Centrifuge the homogenate at 5000g for 10 minutes at room tem¬ 
perature 

RNA may be purified from the supernatant by centrifugation through a cushion of 
5 7 m CsCl, 0 01 M EDTA (pH 7 5) as described on page 7 20 or by the steps below, 
which involve differential precipitation of DNA and RNA 

4. Transfer the supernatant to a fresh tube, and add 0 1 volume of 3 m 
sodium acetate (pH 5 2). Mix well Add 0 5 volume of ice-cold ethanol 
and mix thoroughly Store the solution for at least 2 hours at 0°C 

5. Recover the nucleic acids by centrifugation at 500Qg for 10 minutes at 
0°C Discard the supernatant, and allow the pellet of nucleic acids to dry 
at room temperature 
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6. Dissolve the pellet in a small volume of guanidine HCl homogemzation 
buffer II. Use 10-15 ml of buffer for every gram of original cells or 
tissue. 

The pellet is often difficult to dissolve, and it may be necessary to use a homogemzer 
to assist m dissolution. 


Guanidine HCl homogenization buffer II 

8 M guanidine HCl (M^ - 95.6) 

0.1 M sodium acetate (pH 7.0) 

1 mM dithiothreitol 
20 mM EDTA (pH 8.0) 

Add 191 g of guamdine HCl to 8.35 ml of 3 m sodium acetate (pH 
7.0), 1.25 ml of 0.2 m dithiothreitol, and 10 ml of 0.5 m EDTA (pH 
8.0). Add HgO to 250 ml and mix well. 

7. Add 0 5 volume of ice-cold ethanol Immediately mix the solution Store 
the solution for at least 2 hours at -20°C 

8. Recover the nucleic acids by centrifugation at 5000g for 10 minutes. 
Discard the supernatant, and allow the pellet of nucleic acids to dry at 
room temperature 

9. Repeat steps 7 and 8 twice (i e, a total of three precipitations with 
ethanol). 

10. Dissolve the pellet in a minimal volume of 0 02 m EDTA (pH 8 0) (~ 5 ml 
for every gram of onginal cells or tissue) as follows 

a. Add approximately one half of the EDTA solution, vortex for 1-2 
minutes, and centnfuge at SOOQg for 2 minutes Remove and save the 
supernatant 

b. Add the second half of the EDTA solution and vortex for 1-2 minutes 
The pellet of nucleic acids should dissolve completely 

c Pool the EDTA solutions. 

11. Add an equal volume of chloroform:!-butanol (4‘1) and vortex 

12. Centrifuge at 5000g for 10 minutes at room temperature. Transfer the 
aqueous (upper) phase to a fresh tube Repeat the extraction with 
organic solvents. 

13. Tremsfer the aqueous phase to a fresh tube, and add 3 volumes of 4 m 
sodium acetate (pH 7.0). Store the tube for at least 1 hour at -20°C 

14. Centrifuge at 5000g for 20 minutes at O^C. Under these conditions, the 
cellular DNA remains soluble, while the RNA is precipitated. 
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15. Remove the supernatant, and wash the pellet once with 3 m sodium 
acetate (pH 7 0) at 4°C Centrifuge at 5000!g for 20 minutes at OX 

16. Remove as much as possible of the supernatant, and dissolve the pellet in 
a minimal volume of 0 2% SDS, 0 05 m EDTA (pH 8.0) (~ 1 ml per gram 
of cells or tissue) 

If the SDS precipitates, add 0 1 N NaOH dropwise while agitating the solution until 
the pH reaches ~ 7 5 

17. Add 2 volumes of ice-cold ethanol Store for at least 2 hours at 0°C 
Recover the RNA by centrifugation at SOOOg for 10 minutes at 4°C 

18. Wash the pellet with 70% ethanol, recentnfuge briefly, and allow the 
pellet of nucleic acid to dry in the air 

19. Redissolve the RNA in a small volume of water Add 3 volumes of 
ethanol, and store the preparation at -70°C until it is needed. 

To recover the RNA, remove an aliquot, add 3 m sodium acetate (pH 
5 2) to a final concentration of 0.3 m, mix well, and centrifuge at 12,00Qg’ 
for 5 minutes at 4X in a microfuge 


Note 

RNA isolated from cells transfected with DNA or from cells infected with 
DNA viruses may be contaminated with template DNA which must be 
removed before the RNA can be used for translation, northern hybridization, 
or synthesis of cDNA (see steps 10—17, page 7 14) RNA prepared from 
uninfected or untransfected cells generally contains only a small quantity of 
cellular DNA that generally does not compromise experiments with the RNA 
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Selection of Poly (A) ^ SNA 

In contrast to rRNAs and tRNAs, the vast majority of mRNAs of mammalian 
cells carry tracts of poly(A) at their 3' termini mRNAs can therefore be 
separated from the bulk of cellular RNA by affinity chromatography on 
oligo(dT)-cellulose (Edmonds et al 1971; Aviv and Leder 1972) This is an 
essential step when preparing mRNA that is to be used as a template for the 
construction of cDNA libraries. PolyiA)" RNA usually yields better results 
than total ENA when analyzed by northern hybridization or in nuclease-Sl 
assays. 01igo(dT)-cellulose can be prepared as described by Gilham (1964) or 
obtained commercially 

1. Suspend 0 5-1 0 g of oligo(dT)-cellulose in 0 1 n NaOH. 

2. Pour a column of oligo(dT)-cellulose (0 5-10 ml packed volume) in a 
sterile Dispocolumn (Bio-Rad) (or a pasteur pipette, plugged with sterile 
giflfia wool that has been treated with diethyl pyrocarbonate [DEPCJ and 
autoclaved [see page 7 3]) Wash the column with 3 column volumes of 
sterile water 

Caution: DEPC is suspected to be a carcinogen and should be handled 
with care 

Up to 10 mg of total RNA can be loaded onto 1 ml of packed ohgo(dT)-cellulose If 
smaller quantities of total RNA are used, the amount of ohgoCdTl-cellulose should be 
reduced accordingly to avoid loss of poly(A)* RNA both on the column and during the 
subsequent steps 

3. Wash the column with sterile 1 x column-loading buffer until the pH of 
the effluent is less than 8 0 

1 X Column-loading buffer 

20mMTris-Cl (pH 7 6) 

0 5m NaCl 
1 niM EDTA (pH 8.0) 

0.1% sodium lauryl sarcosinate 

To prepare sterile column-loading buffer, mix appropriate amounts 
of RNAase-free stock solutions of Tns • Cl (pH 7.6), NaCl, and 
EDTA (pH 80) (see page 7.4). Autoclave the mixture for 15 
minutes at 15 lb/sq. in. on liquid cycle. Allow the solution to cool 
to approximately Ob^C, and then add sodium lauryl sarcosinate 
from a 10% stock solution that has been heated to OST for 30 
minutes. Alternatively, 0.05 m sodium citrate can be substituted 
for Tris-Cl, and the sodium dtrate/NaCl/EDTA mixture and 
sodium lauryl sarcosinate can then be treated with DEPC (see 
page 7.4). 


4. Dissolve the RNA in sterile water, and heat the solution to Ob^C for 5 
minutes Cool the solution to room temperature quickly, and add an 
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equal amount of 2 x column-loading buffer. Apply the solution to the 
column, and immediately begin to collect the eluate in a sterile tube. 
When all of the RNA solution has entered the column, add 1 column 
volume of 1 X column-loading buffer and continue to collect the eluate 

Heating the RNA disrupts regions of secondary structure that might involve the 
poljKA)^ tail 

5. When all of the solution has eluted, heat the collected eluate to 65°C for 5 
minutes and reapply the eluate to the top of the column. Again collect 
the material flowing through the column 

6. Wash the column with 5—10 column volumes of 1 x column-loading 
buffer, collecting 1-ml fractions Read the absorbance at 260 nm of each 
fraction collected from the column. Initially, the ODggo will be very high 
as the nonpolyadenylated RNA passes through the colunm The later 
fractions should have very little or no absorbance at 260 nm. 

In some protocols, the column is now washed with 5 column volumes of 1 x 
column-loading buffer containing 0 1 M NaCl However, very little or no non¬ 
polyadenylated RNA elutes from the column dunng this wash, which can therefore 
be omitted 

7. Elute the poly(A)"^ RNA from the oligo(dT)-cellulose with 2—3 column 
volumes of sterile, RNAase-free elution buffer Collect fractions equiva¬ 
lent in size to 1/3 to 1/2 of the column volume. 


Elution buffer 

10 niM Tris ■ Cl (pH 7.6) 

1 niM EDTA (pH 8.0) 

0.05% SDS 

The stock solutions of Tiis • Cl and EDTA used to make elution 
buffer should be freshly autoclaved (15 minutes at 15 Ib/sq. in. on 
liqmd cycle) and then diluted with the appropriate amount of 
sterile water. The SDS should then be added from a concentrated 
stock solution (10% or 20%) made in sterile water. Do not attempt 
to sterilize elution buffer by autoclaving since it froths excessively. 


8. Measure the absorbance of the solution at 260 nm, using cuvettes that 
have been soaked for 1 hour in concentrated HCl methanol (11) and 
then washed extensively in water that has been treated with DEPC and 
autoclaved (see page 7 4) 

Pool the fractions containing RNA that has eluted from the colunm. 

The material obtained after a single round of chromatography on oligo{dT)-cellulose 
usually contains approximately equal quantities of polyadenylated and non¬ 
polyadenylated species of RNA To purify poly(A)^ RNA further, heat the RNA to 
GS'C for 3 mmutes and then cool it quickly to room temperature. Adjust the 
concentration of NaCl in the eluted RNA to 0.5 M, and carry out a second round of 
chromatography on the same column of oligo(dT)-cellulose 
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9. To the poly(A)^ RNA eluted from the oligo(dT)-cellulose column, add 3 m 
sodium acetate (pH 5 2) to a final concentration of 0 3 m Mix well. Add 
2 5 volumes of ice-cold ethanol, mix, and store for at least 30 minutes on 
ice. 

10. Recover the polyCA)"^ RNA by centrifugation at 10,000g for 15 minutes at 
4°C. Carefully discard the supernatant, and wash the pellet (which is 
often invisible) with 70% ethanol. Recentnfuge briefly, and allow the 
pellet of nucleic acid to dry in the air 

11. Redissolve the RNA m a small volume of water Measure the absorbance 
of the solution at 260 nm, using cuvettes that have been soaked for 1 
hour in concentrated HCl methanol (1.1) and then washed extensively in 
water that has been treated with DEPC and autoclaved (see page 7 4) 

12. Transfer the solution of poly(A)" RNA from the cuvettes to a polypro¬ 
pylene tube, add 3 volumes of ethanol, mix well, and store the prepa¬ 
ration at -70°C until it is needed 

To recover the RNA, add 3 m sodium acetate (pH 5 2) to a final 
concentration of 0.3 M, mix well, and centrifuge at 12,00Qg for 5 minutes 
at 4‘’C in a microfuge 

Notes 

I A solution whose OD 260 = 1 contains approximately 40 jug of RNA per 
milliliter 

II The yield of poly(A)^ RNA from 10^ cultured mammalian cells should be 
1-5 jug Usually between 1% and 2% of the total RNA applied to the 
column IS recovered as poly(A)^ RNA 

III Columns of oligo(dT)-cellulose can be stored at 4“C and reused many 
times Between uses, regenerate the column by sequential washing with 
NaOH, water, and column-loading buffer as described in steps 1,2, and 3 
above 

IV The sodium salt of lauryl sarcosine is relatively insoluble and may 
therefore impede the flow of the column if the room temperature is less 
than IS^C This can be avoided by using LiCl instead of NaCl in the 
column-loading buffer. 

V. When many RNA samples are to be processed, it may be more efficient to 
use batch affinity chromatography on oligo(dT)-cellulose. Begin at step 4 
and, after dissolving the RNA in sterile water and adding 2 x column¬ 
loading buffer, add 0.3 g (dry weight) of oligo(dT)-cellulose for each 0.5 mg 
of RNA. Shake the suspension gently for 15 minutes at room tempera¬ 
ture. Centrifuge the suspension at 150Qg for 4 nunutes at 15'’C, discard 
the supernatant, and wash the oligo(dT)-cellulose four or five times with 
5 ml of sterile 1 x column-loading buffer at room temperature. Elute the 
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poly(A)^ RNA with four l-ml washes of sterile elution buffer, and con¬ 
tinue with step 8 above 

Alternatively, paper filters in which poly(U) residues have been embed¬ 
ded (e.g., Amersham Hybond-mAP) may be used (Wreschner eind Herz- 
berg 1984). Total cellular RNA is spotted onto the filters, which are then 
washed m DEPC-treated 0 1m NaCl and 70% ethanol. Poly(A)^ RNA is 
eluted by heating the filters to 70°C in water for 5 minutes These filters 
bind up to 20 ^ig of poly(A)^ RNA per square centimeter and are 
extremely useful when isolating small amounts of poly(A)^ RNA from 
many samples simultaneously Instructions for using these filters are 
provided by the commercial manufacturers. 

VI Some protocols call for the use of poly(U)-Sephadex rather than ohgo{dT)- 
cellulose Although both resins give excellent results, oligo(dT)-cellulose 
IS preferred for its durability. However, polytUl-Sephadex has a faster 
fiow rate, which is a convemence when large volumes are to be passed 
through the column. 
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FRACTIONATION OF KNA BY SIZE IN THE PRESENCE OF 
HETHTLMERCCBIC HTBROXIBE 

Two methods are used to isolate mRNA molecules of particular size elec¬ 
trophoresis through agarose gels and sedimentation through sucrose gradi¬ 
ents Both methods have been used to estimate the sizes of mRNAs that code 
for particular proteins and to ennch populations of mRNA to be used for 
cDNA cloning for species of interest Electrophoresis through agarose gels 
gives better separation of different-size molecules of RNA, but the recovery of 
RNA from sucrose gradients is much more efficient. Before fractionation, the 
RNA is treated with methylmercuric hydroxide, a reagent that reacts pn- 
marily with the imino bonds of undine and guanosine in RNA (Gruenwedel 
and Davidson 1966) Because these bonds may be involved in Watson-Cnck 
base pairing, methylmercuric hydroxide is an effective denaturing agent that 
disrupts all secondary structure in RNA 

The electrophoretic mobility of RNA in the presence of methylmercuric 
hydroxide is an inverse function of the log,o of its molecular weight (Bailey 
and Davidson 1976) Methylmercuric hydroxide can be displaced from NH 
groups m purines and pyrimidines and inactivated by a number of sulfhydryl 
compounds For example 

CHgHgOH + RSH^ CHgHgSR + H,0 

These compounds can therefore be used to reverse the binding of methylmer¬ 
curic hydroxide to RNA, which can then be translated in a cell-free protein- 
synthesizing system or used as a template for the synthesis of cDNA. 
Because methylmercunc hydroxide reacts with free radicals that are used for 
polymerization of acrylamide, it cannot be incorporated into polyacrylamide 
gels It IS therefore used only in agarose gels or in sucrose density gradients 

Methylmercuric hydroxide is extremely toxic It is also volatile Therefore, 
all manipulations of solutions containing concentrations of methylmercunc 
hydroxide in excess of 10 ^ m should be carried out m a chemical hood Wear 
gloves when handling such solutions All solid and liquid wastes should be 
treated as toxic matenals and disposed of accordingly A thoughtful discus¬ 
sion that places the hazards of using alkylmercurials m reasonable perspec¬ 
tive and descnbes simple and sensible precautions may be found m Junghans 
(1983) 

Note Although fractionation of RNA by electrophoresis in the presence of methylmer¬ 
curic hydroxide has been used extensively, the hazards associated with the use of 
methylmercury usually prompt investigators to use an alternative protocol (see pages 
7 40 and 7 43) 
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Electrophoresis of MINA through Agarose Gels Containiwtg 
JUethylmercuric Hydroxide 

Caution: Methylmercunc hydroxide is extremely toxic. It is also volatile 
Therefore, all manipulations of solutions containing concentrations of methyl- 
mercuric hydroxide in excess of 10 m should be carried out in a chemical 
hood Wear gloves when handling such solutions. All solid and liquid wastes 
should be treated as toxic materials and disposed of accordingly. 

1. Prepare the gel (1% agarose for RNA molecules 1 kb or larger m size; 1.4% 
agarose for smaller species of RNA). Dissolve the agarose in 1 x methyl- 
mercury gel-running buffer, and allow the solution to cool to 55°C before 
addmg methylmercunc hydroxide to a final concentration of 5 mM 


1 X Methylmercury gel-running buffer 

60 mM boric acid 
5 mM Na 2 B 407 • 10 HjO 
10 mM Na 2 S 04 

If necessary, adjust the pH to 8.1. 


Buffers that contain nitrogen bases, EDTA, or chloride ions should not be used 
because these compounds form complexes with methylmercunc hydroxide 

Methylmercunc hydroxide dissociates from nucleic acids when the pH is <70 


2 . 


Mix equal volumes of 2 x gel-loading solution and the solution of RNA (up 
to 10 ju,g may be loaded per standard 0 6-cm slot). 

2 X gel-loading solution is prepared as follows: 


1 M methylmercunc hydroxide 
4 X methylmercury gel-running buffer 
100% glycerol 
H2O 

bromophenol blue 


25 /il 
500 ix\ 
200 /il 
275 /il 
0 2% w/v 


3. Load the samples and run the gel at 5-6 V/cm for 12-16 hours 

Methylmercunc hydroxide is added to the gel but not to the methylmercuiy gel- 
rurmm?bufrer The compound is uncharged and does not migrate rapidly out of the 
RLevL if the gel is submerged in buffer during electrophoresis, the methylmer- 
^ ! dSrfrom the gel To avoid this problem, adjust the level of the 

S^so that It maintains full elfctncal contact with the ends of the 
sDill onto the surface of the gel After the samples have been loaded and the RNA has 
JnteiS the S. cover the%el with Saran Wrap to prevent diying during elec¬ 
trophoresis 

4. After electrophoresis, RNA may be stained by incubating the gel for 30-45 
miTu it.es in 0 1 M ammonium acetate containing 0.5 fig/vnl ethidium 
bromide The ammonium ions convert methylmercury to a charged, 
nonvolatile complex and enhances bmding of ethidium bromide to RNA. 

Caution; Ethidium bromide is a powerful mutagen and is moderately 
toxic. Gloves should be worn when working with solutions that contain 
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this dye. After use, these solutions should be decontaminated by one of 
the methods described m Appendix E 

For a description of alternative methods of staining RNA, see page 7 51 

Note 

Although RNA may be transferred from gels containing methylmercunc 
compounds to nitrocellulose filters or charged nylon membranes, this proce¬ 
dure IS not recommended. It is less hazardous and equally effective to 
transfer RNA that has been fractionated through gels containing glyoxal/ 
DMSO or formaldehyde (see pages 7 40-7 42 or 7 43-7 45, respectively) 
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RECOVERY OF RNA FROM AGAROSE GELS CONTAINING METHYLMERCURIC HYDROXIDE 

This IS a modification of the method described by Lemischka et al. (1981). 

Caution: Methylmercuric hydroxide is extremely toxic It is also volatile. 
Therefore, all manipulations of solutions containing concentrations of methyl¬ 
mercuric hydroxide in excess of 10'^ m should be earned out in a chemical 
hood. Wear gloves when handling such solutions All solid and liquid wastes 
should be treated as toxic matenals and disposed of accordingly 


1. Prepare and run the gel as described above, except use low-melting- 
temperature agarose (Wieslander 1979) 

2. After electrophoresis, soak the gel in 0 1 M dithiothreitol for 30—40 
minutes 

Dithiothreitol forms an insoluble complex with methylmercury, other sulfliydiyl 
reagents, such as mercaptoethanol, form soluble complexes that retain volatility 

3. Cut the gel into slices approximately 3 mm in width Stamed tracks 
contaimng fragments of DNA of known size, 18S and 28S human rRNAs, 
or 9S rabbit )S-globm mRNA may be used as molecular-weight standards 
The sizes of these RNAs are 6333,2366, and 710 nucleotides, respectively 
Alternatively, mixtures of RNAs of known sizes can be purchased from 
BRL 

Dithiothreitol absorbs ultraviolet light, making detection of small amounts of 
difficult This problem can be avoided by using as markers radioactive RNAs 
generated by transcription m vitro of cloned DNAs with bactenophage-encode 
DNA-dependent RNA polymerases (see Chapter 10) 

4 . Transfer each gel slice to a polypropylene tube, and add at least 4 
volumes of 0 5 m ammomum acetate preheated to 65°C Be sure to use a 
large volume of ammonium acetate so that the gel slice dissolves com¬ 
pletely Otherwise, agarose will be carried over into the aqueous phase 
during subsequent extraction with phenol and chloroform. 

5. Heat the samples at 65°C until the agarose is completely dissolved 
Vortex the samples well 

6 Extract the samples with phenol equilibrated with Tris CKpH 7 6) (see 

Annendix B) at room temperature Separate the phases by centrifuga¬ 
tion at 2000g for 10 minutes at 4°C During extraction with organic 
solvents, agarose becomes a powder and forms a layer at the interface 
during centrifugation 


Re- 

the 


7 Reextract the aqueous phase at least twice more with chloroform. 

ertractiL with chloroform may he required to remove 

agarose completely. 

8 Transfer the aqueous phase to a fresh tube, and add 0 1 volume of 3 m 
Idium aitate (pH 5.2) Mix well Add 3 volumes of ethanol, and store 

the solution for at least 1 hour at 
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9. Recover the RNA by centnfugation at 12,00Qg for 10 minutes at 4°C 
Carefully discard the supernatant, and wash the pellet (which is usually 
invisible) with 70% ethanol Recentnfuge briefly, and allow the pellet of 
RNA to dry in the air 

10 . Redissolve the RNA in a small volume (5-10 fil) of water, add 3 volumes 
of ethanol, mix well, and store the preparation at -70°C until it is 
needed. 

To recover the RNA, add 3 m sodium acetate (pH 5 2) to a final 
concentration of 0 3 m, mix well, and centrifuge at 12,000g for 5 minutes 
at 4°C in a microfuge 

Note 

RNA fractionated in this way can be translated m in vitro protein-synthesiz- 
ing systems and is an efficient template for cDNA synthesis with reverse 
transcriptase 
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JFrmetiowtMtton of XXA hy Centrtfiayation tHrotayH Swsrose GToMenfa 
Contminiwtg Methylmercmtrie MtydroxUle 

This is a modification of the procedure described by Schweinfest et al. (1982) 

Caution: Methylmercuric hydroxide is extremely toxic It is also volatile 
Therefore, all manipulations of solutions containing concentrations of methyl- 
mercuric hydroxide in excess of 10 ^ m should be carried out in a chemical 
hood. Wear gloves when handling such solutions. All solid and liqmd wastes 
should be treated as toxic materials and disposed of accordingly 

1. Prepare one or more sucrose gradients (10-30% w/v) containing 10 him 
methylmercuric hydroxide in 9/16" x 3 1/2" ultracentnfuge tubes (Beck¬ 
man SW41 or equivalent) Up to 100 /xg of RNA can be loaded on a single 
gradient 

The sucrose should be dissolved in sterile water, and the solutions should then be 
treated overnight with 0 1% diethyl p 3 n’ocarbonate (DEPC) at 37°C and heated to 
100°C for 15 minutes After the sucrose solutions have cooled to room temperature, 
sterile solutions of 1 M Tns Cl (pH 7 4) and 0 5 M EDTA (pH 7 4) should be added to 
give final concentrations of 10 mM Tns Cl (pH 7 4) amd 1 mM EDTA (pH 7 4) 
Finally, methylmercuric hydroxide is added to a final concentration of 10 mM 

The apparatus used to pour the sucrose gradients and the centnfuge tubes should be 
treated overnight with 0 1% DEPC (or for 1 hour with 3% H 2 O 2 ) and then nnsed 
thoroughly with sterile, DEPC-treated water (see page 7 4) 

Caution: DEPC is suspected to be a carcinogen and should be handled with care. 

2. Dissolve the RNA (up to 100 fx-g) in a small volume (<100 /xl/100 /u.g) of 
sterile, RNAase-free TE (pH 7 4) (see page 7 4) Add methylmercuric 
hydroxide to a final concentration of 20 him, and immediately load the 
RNA solution onto the gradients (<100 /xg/gradient) 

3. Centrifuge the gradients at 34,000 rpm for 15 hours at 4‘‘C m a Beckman 
SW41 rotor (or its equivalent). 

4. Collect 0 3-ml fractions through a hypodermic needle inserted into the 
bottom of the centrifuge tube Dilute each of the fractions with an equal 
volume of sterile, DEPC-treated water containing 5 mM j8-mercap- 
toethanol Add 60 /xl of DEPC-treated 3 m sodium acetate (pH 6 2) to each 
fraction Mix the samples well Add 1 5 ml of ice-cold ethanol and mix 
well Store the samples for at least 30 minutes at 0°C 

5. Centrifuge the samples at 12,000g for 15 minutes at 0°C Remove and 
discard the supernatants (which should be treated as toxic waste). Add 1 
ml of 70% ethanol, vortex briefly, and recentrifuge the samples 

6. Discard the supernatants, and allow the pellets of RNA (which are usually 
invisible) to dry at room temperature. 

7 . Redissolve the RNAs in a small volume (5—10 /xl) of water, add 3 volumes 
of ethanol, mix well, and store the preparation at — 70°C until it is needed. 

To recover the RNAs, add 3 M sodium acetate (pH 5.2) to a final 
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concentration of 0.3 m, mix well, and centrifuge at 12,000g for 5 mmutes at 
4°C in a microfuge 

Note 

RNA fractionated m this way can be translated in in vitro protein-synthesiz- 
ing systems and is an efficient template for cDNA synthesis with reverse 
transcriptase 
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Anmiysis ofBNA 


A number of methods have been developed to quantitate, measure the size of, 

and map the 5' and 3' termini of specific mRNA molecules in preparations of 

cellular RNA These include 

• Northern hybridization (RNA blotting), in which the size and amount of 
specific mRNA molecules in preparations of total or polyCA)* RNA are 
determined (Alwine et al 1977,1979). The RNA is separated according to 
size by electrophoresis through a denaturing agarose gel and is then 
transferred to activated cellulose (Alwine et al 1977, Seed 1982b), nitro¬ 
cellulose (Goldberg 1980, Thomas 1980, Seed 1982a), or glass or nylon 
membranes (Bresser and Gillespie 1983) (see below) The RNA of interest 
is then located by hybridization with radiolabeled DNA or RNA followed by 
autoradiography 

• Dot and slot hybridization, in which an excess of radiolabeled probe is 
hybridized to RNA that has been immobilized on a solid support (Kafatos et 
al 1979; Thomas 1980; White and Bancroft 1982) Densitometnc tracings 
of the resulting autoradiographs can allow comparative estimates of the 
amount of the target sequence in various preparations of RNA 

• Mapping RNA using nuclease SI or nbonuclease, in which the precise 
positions of the 5' and 3' termini of the mRNA and the locations of splice 
junctions can be rigorously determined (Berk and Sharp 1977; Weaver and 
Weissmann 1979) Labeled or unlabeled RNA or DNA probes derived from 
various segments of the genomic DNA are hybridized to mRNA, often under 
conditions favoring the formation of DNA.RNA hybrids (Casey and David¬ 
son 1977) The products of the hybridization are then digested with 
nuclease SI or RNAase under conditions favoring digestion of single- 
stranded nucleic acids only Analysis of the digestion products by gel 
electrophoresis yields important quantitative and qualitative information 
about the mRNA structure 

• Primer extension, in which a small radiolabeled fragment of DNA is 
hybridized to the mRNA and used as a primer for reverse transcriptase 
The resulting product should extend to the extreme 5' terminus of the 
mRNA, and thus the size of the product reflects the number of nucleotides 
from the position of the label to the 5' terminus of the mRNA 

• Solution hybridization, in which the absolute concentration of the sequence 
of interest is calculated from the rate of hybridization of a small amount of 
a specific radioactive probe with a known quantity of punfied cellular RNA 
(see, e.g, Roop et al 1978; Durnam and Palmiter 1983) Alternatively, an 
excess of a radiolabeled probe is incubated with a known amount of RNA 
The concentration of the RNA of interest can then be estimated from the 
amount of radioactivity that becomes resistant to nuclease Si (see, e.g, 
Favaloro et al. 1980; Beach and Palmiter 1981; Williams et al. 1986). 
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• Filter hybridization, in which purified cellular RNA is end-labeled with 
and hybndized to a large excess of the homologous DNA that has been 
immobilized on a solid support (Williams et al. 1986) 

Below we describe northern hybndization Dot and slot hybridization of 
both crude and punfied preparations of RNA are described beginning on page 
7 53; nuclease-Sl and RNAase analysis of specific hybrids, beginning on 
pages 7 58 and 7 71, respectively, and analysis of mRNA by primer extension, 
beginmng on page 7.79. 
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mRiwEMar hybkouzation 

Initially, northern hybridization was carried out exclusively with RNA im¬ 
mobilized on diazotized cellulose (diazobenzyloxymethyl [DBM]-cellulose) 
(Alwine et al. 1977) (see Chapter 9, pages 9 35-9 36) Subsequently, 
o-aminophenylthioether (APT (-cellulose was developed, which is easier to pre¬ 
pare and more stable than DBM-cellulose (Seed 1982a,b) However, the use 
of these activated celluloses for immobilization and hybridization of RNA was 
largely obviated when it was shown that RNA denatured by glyoxal and 
dimethyl sulfoxide (DMSOl (McMaster and Carmichael 1977), methylmer- 
curic hydroxide (Thomas 1980, 1983), or formaldehyde (Rave et al. 1979, 
Goldberg 1980, Seed 1982a) binds tightly to nitrocellulose and hybridizes to 
radioactive probes with high efficiency (White and Bancroft 1982). The 
sensitivity with which RNA bound to nitrocellulose can be detected by 
hybridization is such that species of mRNA comprising no more than 0 001% 
of the mRNA can be rapidly identified and easily quantitated Large 
molecules of denatured RNA ( > 9 kb) transfer from the gel with high 
efficiency, so that fragmentation of the RNA is generally unnecessary 
The attachment of denatured RNA to nitrocellulose is presumed to be 
noncovalent but is essentially irreversible It is therefore possible to hybrid¬ 
ize sequentially RNA immobilized on nitrocellulose to a series of radioactive 
probes without significant loss of the bound nucleic acid Unfortunately, 
nitrocellulose filters are not usually durable enough to withstand more than 
two rounds of hybridization and washing This difficulty can be solved by 
transferring the RNA to positively charged nylon membranes, which stand up 
well to many rounds of hybridization without loss of hybridization signal. 
However, the background hybridization to many types of nylon membranes is 
considerably higher than it is to nitrocellulose filters We therefore recom¬ 
mend that nylon membranes be used only when it is known that the RNA 
will be hybridized to many probes sequentially Each manufacturer provides 
specific instructions for the transfer of nucleic acids to their particular type of 
charged nylon membrane These instructions should be followed exactly, 
since they presumably have been shown to yield the best results Practical 
information about the use of nylon membranes can also be found in Chapter 
9, pages 9 42-9 43, and in Reed and Mann (1985) 

A wide variety of probes may be used to detect RNA transferred to 
nitrocellulose filters or nylon membranes, including double-stranded DNA 
labeled by nick translation, single-stranded DNA prepared by primer exten¬ 
sion of an oligonucleotide annealed to a recombinant M13 bacteriophage, 
radiolabeled synthetic oligonucleotides, and RNA synthesized in vitro with 
prokaryotic DNA-dependent RNA poljrmerases (e g, bacteriophage SP6, T7, 
or T3 RNA polymerase) Methods to S 5 mthesize and use these probes are 
discussed m Chapters 10 and 11 

Below we describe methods for electrophoresis of denatured RNA through 
agarose gels, for the transfer of the fractionated RNA to nitrocellulose filters 
and nylon membranes, and for hybridization of the immobilized RNA to 
radiolabeled probes. The protocol presented for northern hybridization also 
works well with most types of positively charged nylon membranes but may 
not be optimal for any particular brand 
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Eteetrophoreaia ofRNA after Deimturation with Gtyoxai 
and IHmethyl Suifoxide 

This method is adapted from that of McMaster and Carmichael (1977) Gels 
containing glyoxal/dimethyl sulfoxide (DMSO) are more difficult to run than 
those containing formaldehyde (see page 7 43): They must be run more 
slowly and also require that the electrophoresis buffer be circulated in order 
to avoid creating unacceptable gradients during electrophoresis. Al¬ 
though the resolving powers of the two gel systems are approximately equal 
(Miller 1987), the bands of RNA detected by northern hybndization are 
usually sharper when the RNA has been fractionated through gels containing 
glyoxal/DMSO 

1 . In sterile microfuge tubes, mix* 


6 M glyoxal 

5 4)al 

DMSO 

16 0 /a1 

0.1 M sodium phosphate (pH 7 0) 

3 0^1 

RNA (up to 10 jitg) 

5.4/al 


Glyoxal is usually obtained as a 40% solution (6 M) Because it readily oxidizes m air, 
the glyoxal solution must be deionized before use by passage through a mixed-bed 
resin (Bio-Rad AG 501-X8) until its pH is greater than 5 0 It is then stored at -20°C 
in small aliquots in tightly capped tubes Each aliquot should be used only once and 
then discarded 0 1 M sodium phosphate (pH 7 0) is prepared by mixing 3 9 ml of 1 M 
NaH 2 P 04 with 6 1 ml of 1 M Na 2 HP 04 and 90 ml of HgO The sodium phosphate 
solution should be treated with diethyl pyrocarbonate (DEPC) and then stenlized by 
autoclaving (see page 7 4) 

Caution: DEPC is suspected to be a carcinogen and should be handled with care 

Up to 10 fjLg ofRNA may be analyzed in each lane of the gel Abundant mRNAs (01% 
or more of the mRNA population) can usually be detected by northern analysis of 
10“20 jUg of total cellular RNA For detection of rare RNAs, between 0 5 and 3 0 /xg of 
poly(A)'' RNA should be applied to each lane of the gel 

2, Close the tops of the microfuge tubes, and incubate the RNA solutions for 
60 minutes at 50°C Chill the samples in ice water, and then centrifuge 
them for 5 seconds to deposit all of the fluid in the bottoms of the 
microfuge tubes 

3. While incubating the RNAs at 50®C, pour a horizontal agarose gel. For 
RNAs up to 1 kb in length, use 1 4% agarose; for larger RNAs, use 1% 
agarose. The gels are poured and run in 10 mM sodium phosphate (pH 
7 0). After dissolving the agarose in the sodium phosphate, cool the 
solution to 70°C and add solid sodium lodoacetate to a final concentration 
of 10 mM (to inactivate RNAases). Cool the solution to 50°C, and then 
pour the gel and allow it to set for at least 30 minutes before loading the 
RNA. 

Electrophoresis tanks used for electrophoresis of RNA should be cleaned with de¬ 
tergent solution, rinsed in water, dried with ethanol, and then filled with a solution of 
3% HgOg After 10 mmutes at room temperature, the tank should be rinsed 
thoroughly with water that has been treated with DEPC (see page 7.4) 

Because glyoxal reacts with ethidium bromide, the gels are poured and run in the 
absence of the dye 
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4. Cool the RNA samples to 0°C, add 4 /xl of sterile, DEPC-treated glyoxal/ 
DMSO gel-loading buffer, and immediately load the samples into the wells 
of the gel As molecular-weight markers, use glyoxylated RNAs of known 
size, for example, 18S and 28S rRNAs or 9S rabbit /8-globm mRNA. The 
sizes of these RNAs are 6333, 2366, and 710 nucleotides, respectively. 
Alternatively, mixtures of RNAs of known size can be purchased from 
BRL The markers are usually loaded into the outside lanes of the gel so 
that they can be cut from the gel after electrophoresis and stained with 
ethidium bromide If possible, leave an empty lane between the markers 
and the samples that are to be transferred to a nitrocellulose filter or 
nylon membrane 


Glyojcal/DMSO gel-loading buffer 
50% glycerol 

10 noM sodium phosphate (pH 7.0) 
0,25% bromophenol blue 
0.25% xylene cyanol FF 


5. Run the gel submerged in 10 mM sodium phosphate at 3—4 V/ cm. Con¬ 
stant recirculation of the sodium phosphate (Figure 7 1) is required to 
Tnfl^ntJ^^n the pH within acceptable limits (glyoxal dissociates from RNA at 
pH >8 0) Alternatively, the sodium phosphate may be changed every 30 
minutes during the run 



Jn of buffer durmg electrophoresis of RNA Either of two methods ^e 
used to maintam the pH of the electrophoresis buffer within acceptable liimts (1) 
ThP electroohoresis apparatus is placed on a pair of magnetic stivers so that the 
JSer can be b, of TeBon-cov^ n^eta. (2 A 

pSSXic pump is used to circulate buffer slowly from one chamber of the apparatus 

to the other __ 
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6. At the end of the run (when the bromophenol blue has migrated approxi¬ 
mately 8 cm), the lanes contaimng the markers may be cut from the gel 
and stained with ethidium bromide (0.5 /u.g/ml in 0.1 m ammonium 
acetate) for 30-45 minutes Align a transparent ruler with the gel, and 
photograph the gel and ruler by ultraviolet illumination Use the photo¬ 
graph to measure the distance from the loading well to each of the bands 
of ^A. Plot the log 10 of the size of the fragments of RNA against the 
distance migrated. Use the resulting curve to calculate the sizes of the 
RNA species detected by hybridization after transfer from the gel to a 
solid support 

Cautions: Ethidium bromide is a powerful mutagen and is moderately 
toxic. Gloves should be worn when working with solutions that contain 
this dye. After use, these solutions should be decontaminated by one of 
the methods descnbed in Appendix E 
Ultraviolet radiation is dangerous, particularly to the eyes To mini¬ 
mize exposure, make sure that the ultraviolet light source is adequately 
shielded and wear protective goggles or a full safety mask that efficiently 
blocks ultraviolet light 

For a description of alternative methods of staining RNA, see page 7 51 

7. Transfer the RNA from the gel to a nitrocellulose filter as descnbed on 
pages 7 46-7 48 or to a nylon membrane as described on pages 7 49-7 50 
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and stained with ethidmm bromide (0.5 Atg/ml m 0.1 m ammonium 
acetate) for 30—45 minutes Align a transparent ruler with the gel, and 
photograph the gel and ruler by ultraviolet illumination. Use the photo¬ 
graph to measure the distance from the loading well to each of the bands 
of RKA. Plot the logio of the size of the fragments of RNA against the 
distance migrated Use the resulting curve to calculate the sizes of the 
RNA species detected by hybridization after transfer from the gel to a 
solid support. 

Cautions: Ethidium bromide is a powerful mutagen and is moderately 
toxic Gloves should be worn when working with solutions that contain 
this dye After use, these solutions should be decontaminated by one of 
the methods described in Appendix E 
Ultraviolet radiation is dangerous, especially to the eyes To minimize 
exposure, make sure that the ultraviolet light source is adequately shield¬ 
ed and wear protective goggles or a full safety mask that efficiently 
blocks ultraviolet light 

For a description of alternative methods of staining RNA, see page 7 51 

Gels containing formaldehyde are less rigid than nondenatunng agarose gels, and 
care must be exercised m handling them 

8. Transfer the RNA from the gel to a nitrocellulose filter as described on the 
following pages or to a nylon membrane as described on pages 7 49—7 50 
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Transfer of Denatured BNA to NitroeeUuiose Fitters 

Glyoxylated RNA may be transferred immediately after electrophoresis from 
agarose gels to nitrocellulose filters by capillary elution, vacuum transfer, or 
electroblottmg (see Chapter 9, pages 9 34-9.37, for a discussion of the 
relative merits of these techniques) Capillary elution is carried out as 
described below; vacuum transfer and electroblottmg should be performed 
accordmg to the instructions of the manufacturer of the apparatus that is 
used 

Although further treatment of agarose gels before transfer is unnecessary 
(Thomas 1980) and may be detrimental (Thomas 1983), gels containing 
formaldehyde must be nnsed in several changes of diethyl pyrocarbonate 
(DEPC)-treated water (see page 7 4) to remove the formaldehyde However, 
if the gel contains more than 1% agarose or is more than 0 5 cm thick or if the 
RNA to be analyzed is greater than 2 5 kb in length, soak the gel for 20 
minutes in 0 05 n NaOH. This treatment partially hydrolyzes the RNA and 
improves the efficiency of transfer. Then rinse the gel m RNAase-free water 
and soak it for 45 minutes in 20 x SSC The gel is then placed in contact 
with the nitrocellulose filter or nylon membrane and the RNA is transferred 
to the solid support (nitrocellulose or charged nylon) in an ascending flow of 
buffer (Figure 7.2) 

Cautions: DEPC is suspected to be a carcinogen and should be handled with 
care 

Formaldehyde is toxic and should be handled with care in a chemical hood 

Note Gels containing formaldehyde are less ngid than nondenaturmg agarose gels, and 
care must be exercised in handling them 

1. Transfer the gel to a glass baking dish, and trim away any unused areas 
of the gel with a razor blade Cut off the bottom left-hand corner of the 
gel, this serves to orient the gel during the succeeding operations 



weight 
glass plate 


Whatman 3MM paper 
gel 


FIGURE 7^ 

Capillary transfer of nucleic acids from agarose gels to solid supports Buffer is drawn from a 
reservoir and passes through the gel into a stack of paper towels The nucleic acid is eluted from 
the gel by the moving stream of buffer and is deposited on a nitrocellulose filter or nylon 
membrane A weight applied to the top of the paper towels helps to ensure a tight connection 
between the layers of material used in the transfer system 
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2. Place a piece of Whatman 3MM paper on a piece of Plexiglas or a stack of 
glass plates to form a support that is longer and wider than the gel 
Place the support inside a large baking dish. Fill the dish with 20 x SSC 
until the level of the liquid reaches almost to the top of the support 
When the 3MM paper on the top of the support is thoroughly wet, smooth 
out all air bubbles with a glass rod 

3. Using a fresh scalpel or a paper cutter, cut a piece of nitrocellulose filter 
(Schleicher and Schuell BA85 or equivalent) about 1 mm larger than the 
gel in both dimensions Use gloves and blunt-ended forceps (e.g, 
Millipore forceps) to handle the filter A nitrocellulose filter that has 
been touched by greasy hands will not wet’ 

4. Float the nitrocellulose filter on the surface of a dish of deionized water 
until it wets completely from beneath, and then immerse the filter in 
20 X SSC for at least 5 minutes Using a clean scalpel blade, cut a 
comer from the nitrocellulose filter to match the comer cut from the gel 

The rate at which different batches of nitrocellulose filters wet varies enormously If 
the filter is not saturated after floating for several minutes on water, it should be 
replaced with a new filter, since the transfer of RNA to an unevenly wetted filter is 
unreliable The original filter should not be discarded but should be autoclaved for 5 
minutes between pieces of 3MM paper saturated with 2 x SSC This usually results 
in complete wetting of the filter The autoclaved filter, sandwiched between the 
autoclaved 3MM papers saturated with 2 x SSC, may be stored at 4°C in a sealed 
plastic bag until it is needed 

5. Place the gel on the support in an inverted position so that it is centered 
on the wet 3MM paper Make sure that there are no air bubbles between 
the 3MM paper and the gel 

6. Surround, but do not cover, the gel with Saran Wrap or Parafilm This 
serves as a barrier to prevent liquid from flowing directly from the 
reservoir to paper towels placed on the top of the gel If these towels are 
not precisely stacked, they tend to droop over the edge of the gel and may 
touch the support This type of short-circuiting is a major reason for 
inefficient transfer of RNA from the gel to the filter 

7. Place the wet nitrocellulose filter on top of the gel so that the cut comers 
are aligned One edge of the filter should just extend over the edge of the 
line of slots at the top of the gel Do not move the filter once it has been 
applied to the surface of the gel Make sure that there are no air bubbles 
between the filter and the gel 

8. Wet two pieces of 3MM paper (cut to exactly the same size as the gel) in 
2 X SSC ar>d place them on top of the wet nitrocellulose filter Smooth 
out any air bubbles with a glass rod 

9. Cut a stack of paper towels (5-8 cm high) just smaller than the 3MM 
papers. Place the towels on the 3MM papers Put a glass plate on top of 
the stack and weigh it down with a 500-g weight (see Figure 7.2). The 
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objective is to set up a flow of liquid from the reservoir through the gel 
and the nitrocellulose filter, so that RNA molecules are eluted from the 
gel and are deposited on the nitrocellulose filter. 

10. Allow transfer of RNA to proceed for 6-18 hours. As the paper towels 
become wet, they should be replaced 

11. Remove the paper towels and the 3MM papers above the gel Turn over 
the gel and the nitrocellulose filter and lay them, gel side up, on a dry 
sheet of 3MM paper. Mark the positions of the gel slots on the filter with 
a very-soft-lead pencil or a ballpoint pen 

12. Peel the gel from the filter and discard it Soak the filter m 6 x SSC for 
5 minutes at room temperature. This removes any pieces of agarose 
sticking to the filter 

Remove the filter from the 6 x SSC and allow excess fluid to drain 
away. Place the filter flat on a paper towel to dry for at least 30 minutes 
at room temperature. 

To assess the efficiency of transfer of RNA, the gel may be stained for 45 minutes m 
a solution of ethidium bromide (0 5 /tg/ml in 0 1 M ammonium acetate) and 
examined by ultraviolet illumination 

Cautions: Ethidium bromide is a powerful mutagen and is moderately toxic 
Gloves should be worn when working with solutions that contain this dye After use, 
these solutions should be decontaminated by one of the methods described in 
Appendix E 

Ultraviolet radiation is dangerous, particularly to the eyes To minimize exposure, 
make sure that the ultraviolet light source is adequately shielded and wear protec¬ 
tive goggles or a full safety mask that efficiently blocks ultraviolet light 

13. Place the dried filter between two pieces of 3MM paper, and bake the 
filter for 30 minutes to 2 hours at 80°C in a vacuum oven 

The filter will become extremely brittle and may become yellow if baked too long 

If the filter is not to be used immediately m hybridization experiments, it should be 
wrapped loosely in aluminum foil and stored under vacuum at room temperature 

14. For filters containing glyoxylated RNA only Before hybridization, re¬ 
move glyoxal from the RNA by washing the filter with 20 mM Tris Cl 
(pH 8 0) at 65“C. 
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Transfer of Ttenatured BJKA to Nylon Memhmmes 

The methods used to transfer RNA from gels to nylon membranes are similar 
to those used for transfer to nitrocellulose filters and include vacuum trans¬ 
fer, electroblotting, or capillary elution (see Chapter 9, pages 9.34—9 37, for a 
discussion of the relative merits of these techmques) Vacuum transfer and 
electroblotting should be earned out according to the instructions of the 
manufacturer of the apparatus that is used Capillary elution is earned out 
essentially as described on pages 7 46-7 48 Gels containing formaldehyde 
must be rinsed in several changes of DEPC-treated water to remove the 
formaldehyde before transfer Because charged nylon membranes retain 
nucleic acids m alkaline solution (Reed and Mann 1985), glyoxylated RNA 
can be eluted from agarose gels in 7 5 niN NaOH (Vrati et al 1987). This 
partially hydrolyzes the RNA and thereby increases the speed and efficiency 
of transfer of large ( > 2 3 kb) RNAs In addition, alkali removes glyoxal 
adducts from the mRNA (Thomas 1983 ), eliminating the need for postfixation 
stripping (step 14, page 7 48) Finally, because RNA transferred in alkaline 
transfer buffers becomes irreversibly fixed to the charged nylon membrane, 
there is no need to bake the membrane or to expose it to ultraviolet 
irradiation before hybridization 

The sole disadvantage of nylon membranes is a tendency to give increased 
levels of background hybridization, especially with RNA probes. The level of 
background hybridization is almost always significantly higher when the 
membrane has been exposed to high concentrations of alkali for extended 
periods of time In many cases, this problem can be overcome by using 
increased amounts of blocking agents in the prehybndization and hybridiza¬ 
tion steps 

Alkaline transfer of glyoxylated RNA to charged nylon membranes is 
carried out essentially as described on pages 7 46-7 48, except that the 
transfer buffer is 7 5 mN NaOH After transfer is completed (4 5-6 0 hours), 
the membranes should be rinsed briefly in 2 x SSC, 0 1% SDS and allowed to 
dry at room temperature 

When transfer is carried out with a neutral transfer buffer, nylon mem¬ 
branes must be treated to immobilize the nucleic acid after transfer is 
complete RNA becomes fixed to the nylon membrane if it is thoroughly dried 
or if it is exposed to low doses of ultraviolet irradiation To fix the RNA to the 
membrane either place the dried membrane between two pieces of 3MM 
paper and bake the membrane for 30 minutes to 2 hours at 80°C in a vacuum 
or conventional oven, or expose the side of the membrane carrying the RNA 
to a source of ultraviolet irradiation (254 nm) The latter method, although a 
nuisance to set up, is preferred because it greatly enhances the hybridization 
signal obtained with some brands of positively charged nylon membranes 
(Khandjian 1987) However, for maximum effect, it is important to make 
sure that the membrane is not ovenrradiated The aim is to form cross-links 
between a small fraction of the bases in the RNA and the positively charged 
amine groups on the surface of the membrane (Church and Gilbert 1984). 
Ovenrradiation results in the covalent attachment of a higher proportion of 
thymines, with a consequent decrease in hybridization signal. Most manufac¬ 
turers advise that damp nylon membranes should be exposed to a total of 1.5 
J/sq cm. and that dry membranes should be exposed to 015 J/sq. cm. 
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However, we recommend carrying out a series of preliminary experiments to 
determine empirically the amount of irradiation required to produce the 
maximum hybridization signal. In addition, the system should be re¬ 
calibrated routinely. 

Caution: Ultraviolet radiation is dangerous, particularly to the eyes To 
minimize exposure, make sure that the ultraviolet light source is adequately 
shielded and wear protective goggles or a full safety mask that efficiently 
blocks ultraviolet light 

If the membrane is not to be used immediately in hybndization experi¬ 
ments, it should be wrapped loosely in aluminum foil and stored under 
vacuum at room temperature. 
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Stnining SNA Before and After Transfer to Nttroeettuiose Filters 

Prolonged staining with ethidium bromide is not recommended before RNA is 
transferred from ageu'ose gels to nitrocellulose filters because saturation of 
the nucleic acid with the dye appears to reduce the efficiency of transfer. 
However, brief staining with ethidium bromide does not detectably inhibit 
transfer and has the advantage of allowing RNA to be detected both in the gel 
and on the filter 


METHOD 1 

1. After electrophoresis is completed, gels containing glyoxal/DMSO should 
be immersed in 10 niM sodium phosphate (pH 7 0) containing ethidium 
bromide (0 5 p-g/ml). Gels containing formaldehyde should be washed in 
RNAase-free water and immersed in 20 x SSC before staining in 20 x 
SSC containing ethidium bromide (0 5 p.g/ml) 

2. After staining for 5—10 minutes at room temperature, examine and 
photograph the gel m ultraviolet light as described in Chapter 6, page 
619 

3. Transfer the RNA from the gel to a nitrocellulose filter as described on 
pages 7 46-7 48 After transfer, the stained RNA is usually visible when 
the filter is examined by ordinary illumination 

Note 

This method works only when each lane of the gel contains considerable 

quantities of RNA (e g , 5 )u.g or more of mRNA) 


METHOD 2 


RNA may also be stained on the nitrocellulose filter as follows A lane may 
be cut from the filter after it has been baked or the entire filter may be 
stained after hybridization and exposure to X-ray film (A Efstratiadis, 
unpubl) 

1. Soak the dried filter in 5% acetic acid for 15 minutes at room temperature 

2. Transfer the filter to a solution of 0 5 m sodium acetate (pH 5 2) and 0 04% 
methylene blue for 5-10 minutes at room temperature 

3. Rinse the filter in water for 5-10 minutes RNAs used as molecular- 
weight standards should appear as sharp bands Total poly(A)'^ mRNA 
appears as a smear composed of many individual species whose sizes 
range between <500 bases and >5 kb The median size of mRNA is 
approximately 2 kb 

Note 

Stainmg with ethidium bromide is not recommended when RNA is to be trans¬ 
ferred from gels to nylon membranes RNA may be stained with methylene 
blue after transfer from agarose/formaldehyde gels to certain types of nylon 
membrane For details of this method, see Herrin and Schmidt (1988). 
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HyhridUmtion and Autoradiogiraphy 

The conditions for prehybridization, hybridization, and washing of RNA 
immobilized on filters are essentially the same as those used for DNA These 
are described in detail in Chapter 9, pages 9 47-9 55 In brief 

1 . Prehybridize the filter for 1-2 hours in 

either (at 42°C) 

50% formamide 
6x SSPE 

2 X Denhardt’s reagent 
0.1% SDS 

or (at 68°C) 

6x SSC 

2 X Denhardt’s reagent 
0.1% SDS 

2. Add the denatured radiolabeled probe directly to the prehybridization 
fluid To detect low-abundance mRNAs, use at least 0 1 /xg of probe whose 
specific activity exceeds 2 x 10^ cpm//xg (see Chapter 10) Continue 
mcubation for 16-24 hours at the appropriate temperature 

It IS important to remember that RNA is complementary to only one of the two DNA 
strands Therefore, if a single-stranded probe is utilized, it must be complementary to 
the RNA strand 

3. Wash the filter for 20 minutes at room temperature mix SSC, 01% 
SDS, followed by three washes of 20 minutes each at 68°C in 0 2 x SSC, 
0 1% SDS 

4. Establish an autoradiograph by exposing the filter for 24-48 hours to 
X-ray film (Kodak XAR-2 or equivalent) at -70“C with an intensifying 
screen (see Appendix E) 


7.52 Extraction, Punftcatwn, and Analysis of Messenger RNA from Eukaryotic Cells 



DOT AND SLOT HTBRtDLXATION OF TtNA 


Dot hybridizations were originally performed by spotting a small sample of 
the RNA preparation onto dry nitrocellulose, which was then dried, hybrid¬ 
ized with a specific ^^P-labeled DNA or RNA probe, and exposed to X-ray film 
(Kafatos et al 1979) Although accurate quantitation was not feasible 
because of the large and variable size of the spots, it was nevertheless 
possible in many cases to obtain a good idea of the intensity of specific gene 
expression in specific tissues or cultured cells Recently, this techmque has 
been improved in two ways 

1 Filtration manifolds have been designed to accept a large number of 
samples and to deposit the nucleic acids onto the nitrocellulose in a fixed 
pattern that allows the results to be quantitated by scanning densitometry 
(see, e g , Brown et al 1983, Chapman et al 1983) The filtration manifold 
consists of a Lucite block containing a number of slots into which the 
samples are applied The manifold fits onto a suction platform containing 
a sheet of nitrocellulose onto which the samples are deposited These 
meinifolds are available commercially (e g, Mimfold II, Schleicher and 
Schuell) 

2 A method involving slot blots has been developed (White and Bancroft 
1982) to measure the concentration of a specific RNA m unfractionated 
c 3 d;oplasm prepared from freshly harvested or frozen cultured cells or 
animal tissues This improvement eliminates the tedious task of purifying 
RNA from large numbers of samples 
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Siot HyhridixaHon ofBNA 

1. Wet a piece of nitrocellulose (0.45-micron pore size) briefly in water and 
soak it in 20 x SSC for 1 hour at room temperature Meanwhile, clean 
the manifold carefully with 0 1 n NaOH and then nnse it well with 
stenle water 

2. Place two sheets of heavy, absorbent paper, previously wetted with 20 x 
SSC, on the top of the vacuum umt of the apparatus Place the wet 
nitrocellulose on the bottom of the sample wells cut into the upper 
section of the manifold Smooth away any air bubbles trapped between 
the upper section of the manifold and the nitrocellulose Clamp the two 
parts of the manifold together, and connect the vacuum unit to a vacuum 
line. 

3. Fill all of the slots with 10 x SSC, and apply gentle suction until all of 
the fluid has passed through the nitrocellulose filter Turn off the 
vacuum and refill the slots with 10 x SSC 

4. Mix the RNA (dissolved in 10 /il of H 2 O) with 

100% formamide 20 /il 

formaldehyde (37%) 7 ix\ 

20 X SSC 2^d 

Incubate the mixture for 15 minutes at 68®C, and then cool the samples 
on ice 

Caution: Formaldehyde is toxic and should be handled with care in a 
chemical hood 

Many batches of reagent-grade formamide are sufficiently pure to be used without 
further treatment However, if any yellow color is present, the formamide should be 
deionized by adding Dowex XG8 mixed-bed resin and stirring on a magnetic stirrer 
for 1 hour and filtering twice through Whatman No 1 paper Deionized formamide 
should be stored in small aliquots under nitrogen at -70°C 

Formaldehyde (M, = 30 03) is usually obtained as a 37% solution (12 3 M) in water 
Check that the pH of the concentrated solution is greater than 4 0 

The volume of the samples containing the denatured RNA is not critical However, 
the final solution should consist of 
50% formamide 
7% formaldehyde 
lx SSC 

Up to 20 iig of RNA may be applied to each slot of the manifold (John et al 1984) 

The RNA may be denatured with methylmercunc hydroxide (see page 7 30) or 
glyoxal (see page 7 40) instead of formaldehyde 

5. Add 2 volumes of 20 x SSC to each of the samples 

6. Apply gentle suction to the manifold until the 10 x SSC in the slots has 
passed through the mtrocellulose filter. Turn off the suction. 
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7. Load the samples into the slots, and then apply gentle suction After all 
of the samples have passed through the filter, nnse each of the slots 
twice with 1 ml of 10 x SSC 

8. After the second rinse has passed through the filter, continue suction for 
5 minutes to dry the nitrocellulose filter 

9. Remove the nitrocellulose filter from the manifold, and allow it to dry 
completely at room temperature Bake the filter for 2 hours at SO^C in a 
vacuum oven 

10. Hybridize the filter to a radiolabeled probe as described on page 7 52. By 
using single-stranded probes (either DNA or RNA) radiolabeled to a 
specific activity of > 5 x 10* cpm/^tg, it is possible to detect mRNAs that 
are present at approximately 5 copies per cell if 20 /ig of total cellular 
RNA IS applied to a single slot 

To calibrate the system, add known amounts of unlabeled RNA synthesized m vitro 
by bactenophage SP6 or T7 RNA polymerase from a cloned copy of the DNA probe 
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Slot Hyhridiamtion of Cytoplasmic SNA 

This procedure is a slight modification of that described by White and 
Bancroft (1982). The method relies on the use of small amounts of Nomdet 
P-40 (NP-40) to break open the cytoplasmic membrane but not the nuclear 
membrane. 

1. Collect 10®-lO’ cells by centrifugation at lOOOg for 5 minutes Resuspend 
the pellet in 1 ml of phosphate-buffered saline (PBS) lacking calcium and 
magnesium ions (see Appendix B) Transfer the cell suspension to a 
sterile microfuge tube, and centrifuge it at 12,000^ for 15 seconds at 4°C in 
a microfuge. 

2. Discard the supernatant, and resuspend the cells by brief vortexmg in 45 
JU.1 of ice-cold TE (pH 7 2) Add 5 ju.1 of a 5% solution of NP-40 Vortex 
briefly. Store the lysate for 5 minutes at 0°C. 

Vanadyl-nbonucleoside complexes (see pages 7 4-7 5) may be added at this stage to a 
final concentration of 0 1 M This is usually necessary only when cells nch m 
RNAases (e g, macrophages or pancreatic cells) are processed Vanadyl-nbonu¬ 
cleoside complexes are preferred to protein inhibitors of RNAase because they do not 
clog the nitrocellulose filter. 

3. Add another 5 jU.1 of 5% NP-40 Vortex the cell lysate briefly 

The amount of NP-40 required to achieve dissolution of the cytoplasmic membranes of 
the cell without lysis of the nuclei vanes from cell line to cell line When carrying out 
this procedure for the first time with a new cell line, monitor the appearance of the 
cells dunng steps 1-3 by phase-contrast microscopy If necessary, adjust the 
concentration of NP-40 to obtain the maximum yield of free nuclei and the minimum 
number of unlysed cells 

4. Remove the nuclei by centrifugation at 12,000g for 3 minutes at 4°C in a 
microfuge 

5. Transfer the supernatant to a fresh tube, taking care not to disturb the 
soft pellet 

6. Add 30 fi\ of 20 x SSC to the supernatant. Vortex the solution briefly. 
Add 20 fil of 37% formaldehyde, vortex again, and close the top of the 
tube 

Caution: Formaldehyde is toxic and should be handled with care in a 
chemical hood. 

Formaldehyde (Af, = 30 03) is usually obtained as a 37% solution (12 3 M) in water 
Check that the pH of the concentrated solution is greater than 4 0 

7. Incubate the tube for 15 minutes at 60°C 

The samples may be stored at — 70°C at this stage, if necessary 


8. Dilute 5-10 fil of the sample with 200 fxl of 20 x SSC, zmd load it onto a 
nitrocellulose filter m a manifold as described on page 7.55 beginning at 
step 7. (For preparation of the manifold, see page 7.54, steps 1-3 and 6.) 
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If the filter clogs during loading, remove the insoluble material by centrifugation of 
the sample at 12,000g for 1 minute (after step 7) Be aware that this procedure can 
result in loss of RNA from the sample 

9. Hybridize the filter to a radiolabeled probe as described on page 7 52. By 
using single-stranded probes (either DNA or RNA) radiolabeled to a 
specific activity of > 5 x 10® cpm//ig, it is possible to detect mRNAs that 
are present at approximately 5 copies per cell if 20 fig of total cellular 
RNA is applied to a single slot. 

To calibrate the system, add known amounts of unlabeled RNA synthesized in vitro by 
bacteriophage SP6 or T7 RNA polymerase from a cloned copy of the DNA probe 
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MAJPPING RNA WITH MJCLEASE SI 

Nuclease SI is used 

• To map the location of 5' and 3' termini of mRNA on DNA templates 

• To locate the 5' and 3' splice junctions in relation to sites of cleavage with 

restriction enzymes in cloned genes or double-stranded cDNA 

• To quantitate the amount of specific classes of mRNA in RNAs extracted 

from tissues or cultured cells 

The procedure described originally (Berk and Sharp 1977) was based on 
the observation of Casey and Davidson (1977) that hybridization conditions 
can often be established to minimize the formation of DNA'DNA hybrids 
while promoting the formation of DNA RNA hybrids When double-stranded 
DNA IS denatured and incubated with mRNA under these conditions, those 
segments of DNA (exons) that are transcribed into mRNA form hybrids and 
the remainder of the DNA remains single-stranded DNA that has not 
formed duplexes is hydrolyzed with nuclease SI, whereas DNA that has 
hybridized to RNA is protected from digestion The size of the protected 
fragment of DNA is then determined by electrophoresis under native or 
denaturing conditions through agarose or acrylamide gels By using DNA 
fragments derived from different segments of the gene of interest, it is 
possible to map the termini of the mRNA and locate the positions of introns 
within the gene (Berk and Sharp 1977, Favaloro et al 1980) (Figure 7 3) In 
this type of expenment, the double-stranded DNA need not be radiolabeled 
The fragments of DNA that survive digestion with nuclease SI can be 
detected efficiently by Southern hybridization using uniformly radiolabeled 
probes. Alternatively, double-stranded fragments of DNA that are 
radiolabeled at only one end by phosphorylation or by filling of recessed 3' 
termini (see Chapter 10) may be used directly in the annealing reaction This 
kind of asymmetric labeling allows the polarity of the mRNA with respect to 
the double-stranded DNA to be established directly (Weaver and Weissmann 
1979)(Figure 7 4) 

Although it IS simple to isolate double-stranded fragments of DNA that can 
be used as probes, it is not always easy or possible to establish conditions 
that suppress formation of DNA.DNA hybrids and yet allow annealing of 
DNA to RNA to proceed efficiently This problem can be avoided if single- 
stranded probes (either DNA or RNA) are used in the hybridization mixture 
Annealing can then be carried out under standard conditions because a 
complementary strand is not present to compete with the hybridization of the 
mRNA to the probe Until recently, such single-stranded probes could be 
obtained only by physical separation of the complementary strands of a 
fragment of DNA (usually by gel electrophoresis [Hayward 1972]). This 
method was laborious, did not work with every fragment of DNA, and hardly 
ever produced probes that were completely strand-specific. However, during 
the last few years, new methods have become available to prepare single- 
stranded probes of defined length and polarity from virtually any restriction 
fragment. These probes are now the reagents of choice for the analysis of 
RNA. Techniques to generate these probes are described in Chapter 10. 
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Genomic DNA 


exon 1 


exon 2 


exon 3 


intron A 


intron B 


5' cap structure 


Primary transcript ^^^VVVVVVNAAAAAAAAAAAAAAAAAAAAA 

\ '''■ i I 

N\AAAAAAA/WWW\Ai^ 


3' poly(A) 
tail 


Spliced mRNA 


Hybrid formed between transcribed 
strand of cloned genomic DNA 
and spliced mRNA 



*^VWWWWWWV\AAAA^ 


Digest with nuclease Si 


20°C Introns are efficiently digested by 4s°C 

nuclease however, "bridging” segments 
of RNA are less efficiently digested at 20°C than at 45®C 


VWWWWWWWW VWW ^/NA/ VWWW> 

Analyze by gel electrophoresis 

1 1 

Neutral gel Alkaline gel Alkaline gel 


A B C 


1 


Neutral gel 



FIGVKE 7^ 

Nuclease-Sl analysis of RNA Hybrids formed between the transcribed strand of genomic DNA 
and mR NA contain single-stranded loops of DNA (introns) Digestion of these hybrids with 
nuclease SI at 20°C generates molecules whose RNA moieties are intact but whose DNAs contam 
gaps at the sites of the introns These molecules migrate as a single band when analyzed by gel 
electrophoresis under nondenatunng conditions (gel A) In alkaline gels (gel B), however, the 
RNA is hydrolyzed and the individual fragments of DNA separate according to their sizes When 
digestion is earned out at 45°C, both the DNA and RNA strands of the parental hybnd are cleaved 
to yield a senes of smaller DNA RNA hybnds that can be separated by electrophoresis under 
nondenatunng conditions (gel D) The DNA moieties m these hybnds (gel C) are the same size as 
those detected m gel B 
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exon 1 


exon 2 


exon 3 


Genomic DNA 


intron A 


intron B 


5' cap structure 


N|iBliiywwj»^wwwwwwv>i_ 

''s I I 

"x I I x'' 

V 

vwW\AAAAAAAAAA/\_ 


Spliced mRNA 


3' poly(A) 
tail 


Hybridize RNA to 5'- or S'-labeled genomic DNA probes 


N/i^/\AAAA/!yNA/^^ '^MAAAAAAAAAAAAAAAAA/\_ 



* 



/ / 
/ / 

/ / 


nuclease S1 j j 

/ / 

/ / 

/ / 


pPgill 

* 


Analyze by gel electrophoresis 

(usually through a denaturing polyacrylamide/urea ge!) 



a = 5'-labeled probe before digestion with nuclease S1 
b = 5'-labeled probe after digestion with nuclease S1 
c = 3'-labeled probe after digestion with nuclease S1 
d - 3'-labeled probe before digestion with nuclease S1 

TIGVBE 7.4 (See facing page for legend) 
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The first method given below describes the use of double-stranded DNA 
probes to map RNA with nuclease SI. The second, and more modem, method 
uses radiolabeled single-stranded probes. Whichever type of probe is used, it 
IS important to realize that nuclease-Sl analysis of the structure of 
eukaryotic RNAs is not free of artifacts. For example, small mismatches in 
DNA RNA heteroduplexes are relatively resistant to the action of the nu¬ 
clease (Berk and Sharp 1977), Conversely, regions of perfect heteroduplex 
that are nch in rU dA sequences are susceptible to cleavage (Miller and 
Sollner-Webb 1981) Third, a single molecule of DNA frequently can be 
protected from the action of the nuclease by simultaneous hybridization to 
two different RNA molecules (Lopata et al. 1985) Fourth, nuclease SI 
cleaves the segment of DNA opposite a looped-out region of RNA compara¬ 
tively inefficiently (Sisodia et al 1987). Although many of these problems 
can be solved by using a range of concentrations of nuclease SI, by perform¬ 
ing the digestion at different temperatures, or by using a combination of 
nucleases (eg., RNAase H and nuclease SI) (Sisodia et al 1987), it is 
important to realize that cleavage by nuclease SI of a DNA.RNA hybrid does 
not necessarily reflect a divergence in sequence between the two nucleic acids 
and that resistance to digestion is not necessarily synonymous with identity 
Mapping with nuclease Si should therefore be regarded as a useful, but not 
infallible, guide to the structure of RNAs 


nGVKE 7*4: 

Mapping the 5' and 3' termini of mRNAs Hybnds formed between mRNA and DNA 
probes radiolabeled at either their 5' or their 3’ termini are digested with nuclease 
Si By measunng the size of the nuclease-resistant fragments of DNA, it is possible 
to estimate the distance between the radiolabel and the 5' and 3' termini of the 
mRNA A similar strategy can be used to map the position of 3' and 5' splice sites 
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Mappiwig of JRNA with Nuclease SM and Double-stranded 
DNA Probes 


1. Mix in a sterile microfuge tube. 

DNA 01-1.0 fig 

RNA 0.5-250 jotg 

The amount of DNA included m the reaction depends on its molecular weight For 
fragments approximately 5 kb in length, 1 fig of DNA is required, for smaller 
fragments, proportionately less DNA should be used 

The amount of RNA required depends on the concentration of the sequences of 
interest Before embarking on large-scale experiments, it is advisable to carry out 
preliminary experiments to establish the range of concentrations of DNA and RNA 
that yield acceptable results To detect mRNA sequences present in low concen¬ 
trations, up to 250 fig of RNA may be used m a 50 -/aI hybridization reaction For 
ease of manipulation m subsequent steps, it is advisable to keep the hybridization 
volume to 30 fil or less. If reagents are in short supply, the hybridization reaction 
can be scaled down to 10 fil 

All reactions should contain the same amount of RNA to ensure that digestion with 
nuclease SI is carried out under standard conditions If necessary, adjust the 
amount of RNA in the hybridization reactions by adding carrier RNA 
Carrier RNA can be prepared by dissolving commercially available yeast tRNA at 
a concentration of 10 mg/ml in sterile TE (pH 7 6) containing 0 1 m NaCl The 
solution IS then extracted twice with phenol (equilibrated in Tris Cl IpH 7 6J [see 
Appendix B]) and twice with chloroform, and the RNA is recovered by precipitation 
with 2 5 volumes of ethanol at room temperature The precipitated RNA is 
redissolved at a concentration of 10 mg/ml in sterile TE (pH 7 6), divided into small 
aliquots, and stored at -20°C 


2. Precipitate the mixed DNA and RNA by adding 0 1 volume of 3 m sodium 
acetate (pH 5.2) and 2 5 volumes of ice-cold ethanol Store the solution 
at 0°C for at least 30 minutes Recover the nucleic acids by centrifuga¬ 
tion at 12,000^ for 15 minutes at 4°C in a microfuge Discard the 
supernatant, wash the pellet with 70% ethanol, and recentrifuge Care¬ 
fully remove all of the ethanol, and store the pellet of nucleic acids at 
room temperature until the last visible traces of ethanol have evapo¬ 
rated. Do not allow the pellet to become desiccated, otherwise it will be 
difficult to dissolve 


3. Redissolve the pellet of nucleic acids in 30 fil of hybridization buffer 
Pipette the solution up and down many times to make sure that the 
pellet is completely dissolved. 

It IS often difficult to obtain complete dissolution in hybridization buffer of the pellet 
of nucleic acids that has been precipitated with ethanol This problem is exacer¬ 
bated if the pellet is dried in a desiccator Sometimes the pellet can be redis- 
solved by a combmation of vigorous pipetting and heating to 60°C If difficulties 
persist, or if equivalent signals are not obtained from duplicate samples of RNA, the 
following procedure is recommended; 

a After step 2, dissolve the pellet m 40—50 fi\ of water Evaporate the sample in a 
rotary evaporator until it is dry 

b. Add 30 ^1 of hybridization buffer The hydrated pellet goes into solution quickly 
and easily and gives extremely reproducible results. 
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Hybridization buffer 

40 mM PIPES (pH 6.4) 

1 HIM EDTA (pH 8.0) 

0.4 M NaCl 
80% formamide 

PIPES: Use the disodium salt of PIPES (piperazine-iV,iV'-bis[2- 
ethanesulfonic acid]) to prepare the buffer, and adjust the pH with 
1 N HCl. 

Formamide: Many batches of reagent-grade formamide are suffi¬ 
ciently pure to be used without further treatment. However, if any 
yellow color is present, the formamide should be deionized by 
adding Dowex XG8 mixed-bed resin and stirring on a magnetic 
stirrer for 1 hour and filtering twice through Whatman No. 1 
paper. Deionized formamide should be stored in small aliquots 
under nitrogen at -70'’C. 


4. Close the lid of the tube tightly, and incubate the hybridization reaction 
m a water bath set at 85°C for 10 minutes to denature the nucleic acids 

5. Rapidly transfer the tube to a water bath set at the desired hybridization 
temperature Do not allow the tube to cool below the hybridization 
temperature during transfer The hybridization temperature, which 
depends on the G -i- C content of the DNA, is chosen so as to minimize the 
formation of DNA-DNA hybrids while allowing DNARNA hybrids to 
form Figure 7 5 shows the approximate hybridization temperatures for 
DNAs of different G -i- C content (Dean 1987) It is advisable to carry out 
a senes of preliminary experiments to find out the optimal hybridization 
conditions for the RNA being used 



VIGWJMtE 

Optimization of yields of DNARNA hybnds The graph 

teSrature calculated to produce maximal yields of DNARNA hybrids when 
denatured DNA is annealed in the presence of RNA complement^ to only one 
strand of the DNA The broken lines show the calculated 7’„, for ‘ 

and DNARNA (—) hybnds (Redrawn, with permission, from Dean 1987 ) 
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6. Hybridize the DNA and RNA for 12-16 hours at the appropriate tem¬ 
perature Then open the lid of the hybridization tube, taking care to 
keep the body of the tube submerged in the water Rapidly add 300 /xl of 
ice-cold nuclease-Sl mapping buffer, and immediately remove the tube 
from the water bath. Rapidly mix the contents of the tube by vortexing, 
and then transfer the tube to a water bath set at the temperature 
appropriate for digestion with nuclease SI (see note below) Incubate for 
1-2 hours, depending on the degree of digestion desired 

Nuclease-Sl mapping buffer 
0.28 M NaCl 

0.05 M sodium acetate (pH 4.5) 

4.5 mM ZnSO^ 

20 ftg/ml single-stranded DNA (earner DNA) 

100-1000 units/ml nuclease SI 

It IS necessary to titrate the nuclease SI each tune a new probe or RNA is used 

Single-stranded DNA may be prepared by dissolving fragmented salmon sperm DNA 
in water at a concentration of 1 mg/ml Add NaCl to a final concentration of 0 1 M, 
and extract the DNA solution with phenol chloroform until no interface is visible 
Recover the DNA from the aqueous phase by ethanol precipitation, and redissolve 
the DNA m a small volume of water Adjust the concentration of the DNA solution 
to 1 mg/ml Immerse the tube containing the DNA solution in a boiling-water bath 
for 20 minutes Chill the DNA solution in ice water Store the denatured DNA at 
4°C 

A variety of temperatures and nuclease-Sl concentrations have been used to analyze 
DNA RNA hybrids At 20°C, nuclease SI at a concentration of 100-1000 units/ml 
will degrade loops of DNA but will not efficiently digest segments of RNA molecules 
that bridge loops of DNA (see Figure 7 3) This can be an advantage when mapping 
intron/exon borders in segments of genomic DNA The partially digested molecule 
shown in Figure 7 3 will migrate through agarose gels at neutral pH at approximate¬ 
ly the same rate as double-stranded DNA, in alkaline conditions, the RNA “bridge” 
will be hydrolyzed, liberating two smaller pieces of single-stranded DNA From the 
sizes of these fragments, it is often possible to assign locations to intron/exon 
junctions in the original segment of genomic DNA (Berk and Sharp 1977) For 
digestion of the single-stranded regions of DNA RNA hybrids, higher temperatures 
{37°C-45°C) or increased quantities of nuclease SI are generally required However, 
it IS rarely possible to establish conditions that will lead either to complete resis¬ 
tance to digestion or to complete digestion of structures of the type shown in Figure 
7 3 The changing ratios of the vanous digestion products obtained under different 
conditions can often provide useful clues about the distribution of intron/exon 
borders in genomic DNA 

7. Chill the reaction to O^C. Add 80 pi of nuclease-Sl stop mixture and mix 

Nuclease-Sl stop mixture 

4 M ammonium acetate 
50 mM EDTA (pH 8.0) 

50 /Ltg/ml tRNA (carrier RNA) 

For preparation of earner RNA, see notes to step 1, page 7 62. 
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8. Extract the reaction once with phenohchloroform After centrifugation at 
12,000g for 2 minutes at room temperature in a microfuge, transfer the 
aqueous supernatant to a fresh tube. Add 2 volumes of ethanol, mix, and 
store the tube at — 20°C for 1 hour 

9. Recover the nucleic acids by centrifugation at 12,000g for 15 minutes at 
4°C in a microfuge Carefully remove all of the supernatant, and store 
the open tube at room temperature until the last visible traces of ethanol 
have evaporated 

10. Dissolve the pellet in 40 /il of TE (pH 7 4) 

11. Add 10 /a 1 of loading buffer (50% glycerol and 0.2% bromocresol green), 
and mix well 

12. Analyze the nuclease-Sl-resistant hybrids by electrophoresis through an 
alkaline and/or a neutral agarose gel (see Chapter 6) As molecular- 
weight markers, use end-labeled fragments of DNA of known size 

13. Following electrophoresis, transfer the DNA from either type of gel to a 
nitrocellulose filter or nylon membrane as described on pages 7 46-7.50. 
(Alkaline gels do not require soaking in denaturation solution ) 

14. Hybridize the filters to an appropriate "^^P-labeled DNA probe as de¬ 
scribed on page 7 52 
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JUnpping of RNA weiOt Nucletise SI and Single-stranded DNA Probes 

Single-stranded DNA probes are prepared by one of two methods. 

• Separation of the strands of a fragment of double-stranded DNA 

• De novo synthesis of a strand from a single-stranded template 

Strand-separated probes are prepared by using restriction enzymes, singly 
or in combination, to generate a DNA fragment of suitable size (usually 
100-500 nucleotides) with a 5' extension at one end and a 3' extension at the 
other. One strand of the fragment will therefore be up to 8 nucleotides longer 
them the other. This difference in size is sufficient to allow separation of the 
two strands by electrophoresis through a polyacrylamide gel under denatur¬ 
ing conditions Alternatively, if no convenient restriction sites are available, 
it IS sometimes possible to purify the desired strand by agarose or poly¬ 
acrylamide gel electrophoresis of denatured DNA under neutral conditions 
(Hajrward 1972) (see Chapter 6) Either prior to or after electrophoresis, the 
5' terminus of the strand of interest is dephosphorylated with alkaline 
phosphatase and radiolabeled by addition of catalyzed by bacteriophage 
T4 polynucleotide kinase 

De novo synthesis cem be used to produce either end-labeled or uniformly 
labeled probes in vitro. In both cases, an oligonucleotide is used to prime the 
s 3 mthesis of a probe that is complementary to a single-stranded DNA tem¬ 
plate (usually derived from a recombinant bacteriophage Ml 3) End-labeled 
probes are prepared by phosphorylatmg the 5' terminus of the oligonucleotide 
primer; uniformly labeled probes are prepared by incorporating radiolabeled 
dNTPs into the growing strand. In both cases, the newly S 3 mthesized strand 
of DNA can be separated from the unlabeled template by digestion with a 
restriction enzyme that recognizes a unique site in the newly formed double- 
stranded DNA. The radiolabeled probe can then be separated from the 
linearized single-stranded DNA by electrophoresis through a polyacrylamide 
gel under denaturing conditions 

Detailed descriptions of methods used to prepare and isolate radiolabeled 
single-stranded DNA probes are given m Chapter 10 
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1. Precipitate 0.5-150 ju,g of RNA by adding 0.1 volume of 3 m sodium 
acetate (pH 5.2) and 2.5 volumes of ice-cold ethanol. After storage at O^C 
for 30 minutes, recover the RNA by centrifugation at 12,OOOg' for 15 
minutes at 4°C in a microfuge. Rinse the pellet with 70% ethanol and 
recentrifuge. Carefully remove all of the ethanol, and store the pellet of 
nucleic acid at room temperature until the last visible traces of ethanol 
have evaporated 

The amount of RNA required depends on the concentration of the sequences of 
interest and on the specific activity of the radiolabeled DNA Before embarkmg on 
large-scale experiments, it is advisable to carry out prelimmary expenments to 
establish the range of concentrations of DNA and RNA that yield acceptable results 
With DNAs that have been radiolabeled to high specific activity (> 10® cpm/fig), 10 
fj-g of total RNA IS usually sufficient to allow detection of mRNA species that are 
present at the level of 1-5 copies/cell To detect sequences present in lower 
concentrations (e g, in RNA extracted from heterogeneous populations of cells), up to 
150 fig of RNA may be used in a 30-p,l hybridization reaction For ease of 
manipulation m subsequent steps, it is advisable to keep the hybridization volume to 
30 fi\ or less If reagents are in short supply, the hybridization reactions can be 
scaled down to 10 jul 

All reactions should contain the same amount of RNA to ensure that digestion with 
nuclease SI is carried out under standard conditions If necessary, ac(|ust the 
amount of RNA in the hybridization reactions by adding carrier RNA (For prepara¬ 
tion of carrier RNA, see notes to step 1, page 7 62 ) 

2. Redissolve the RNA m 30 /il of hybndization buffer. Pipette the solution 
up and down many times to make sure that the pellet is completely 
dissolved 


Hybridization buffer 

40 HIM PIPES (pH 6.4) 

1 niM EDTA (pH 8.0) 

0.4 M NaCl 
80% formamide 

PIPES: Use the disodium salt of PIPES (piperazine-iV)iV’'-bis[2- 
ethanesulfonic acid]) to prepare the buffer, and adjust the pH with 
1 N HCl. 

Formamide: Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used without further treatment. However, if 
any yellow color is present, the formamide should be deionized by 
adding Dowex XG8 mixed-bed resin and stirring on a magnetic 
stirrer for 1 hour and filtering twice through Whatman No. 1 
paper. Deionized formamide should be stored in small aliquots 
imder nitrogen at -70°C. 


It IS often difficult to obtam complete dissolution m hybridization buffer of RNA that 
has been precipitated with ethanol This problem is exacerbated if the pellet of RNA 
IS dried in a desiccator Sometimes the RNA can be redissolved by a combmation of 
vigorous pipetting and heating to 60°C If difficulties persist, or if eqiuvalent signals 
are not obtained from duplicate samples of RNA, the following procedure is recom¬ 
mended: 
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a After step 1, dissolve the RNA in 40-50 fd of water Evaporate the sample in a 
rotary evaporator until it is just dry 

b Add 30 ju.1 of hybridization buffer The hydrated RNA goes into solution quickly 
and easily and gives extremely reproducible results 

3. Add radiolabeled single-stranded DNA probe (~ 0 01 pmole—correspond¬ 
ing to ~1.6 ng of a fragment 400 nucleotides m length) The specific 
activity of the probe should be > 5 x lO’ cpm/)U.g, and it should be added 
in a volume of < 1 ju-1 (see Chapter 10) 

When using this method to measure the concentration of specific RNA sequences, it 
IS essential to use an excess of radiolabeled probe This is usually determined 
empincally by nuclease-Sl digestion of a senes of hybndization mixtures containing 
different ratios of RNA DNA If necessary, the system can be calibrated by setting 
up a series of control reactions containing a constant amount of radiolabeled 
single-stranded DNA and increasing amounts of RNA transcribed in vitro from an 
appropnate double-stranded DNA template (see Chapter 10) 

Single-stranded probes uniformly labeled to high specific activity should be used 
within a few days to avoid problems caused by radiochemical degradation End- 
labeled probes can be stored for up to 1 week 

4. Incubate the hybndization reaction at 85°C for 10 minutes to denature 
the nucleic acids, and then quickly transfer the reaction to a 30°C water 
bath. Incubate the hybridization reaction for 12—16 hours 

5. Add to each reaction 300 fil of ice-cold nuclease-Sl mapping buffer. Mix 
well, and incubate for 1-2 hours at 12°C-45°C, depending on the 
expected structure of the DNA.RNA hybnd and the desired degree of 
digestion (see note below) 


Nuclease-Sl mapping buffer 
0.28 M NaCl 

0.05 M sodium acetate (pH 4.5) 

4.5 niM ZnSO^ 

20 /Lig/ml single-stranded DNA (carrier DNA) 
100-1000 units/ml nuclease SI 


It IS necessary to titrate the nuclease Si each time a new probe or RNA is used 

Single-stranded DNA may be prepared by dissolving fragmented salmon sperm DNA 
at a concentration of 1 mg/ml in water Add NaCl to a final concentration of 0 1 M, 
and extract the DNA solution with phenol chloroform until no interface is visible' 
Recover the DNA from the aqueous phase by ethanol precipitation, and redissolve 
the DNA in a small volume of water Adjust the concentration of the DNA solution 
to 1 mg/ml Immerse the tube containing the DNA solution in a boilmg-water bath 
for 20 minutes Chill the DNA solution m ice water Store the denatured DNA at 
4°C 


A variety of temperatures and nuclease-Sl concentrations have been used to analyze 
DNA RNA hybrids At 20°C, nuclease SI at a concentration of 100-1000 umts/ml 
wiU degrade loops of DNA but will not efficiently digest segments of RNA molecules 
that bridge loops of DNA (see Figure 7 3) This can be an advantage when mapping 
intron/exon borders in segments of genomic DNA The partially digested molecule 
shown in Figure 7 3 will migrate through agarose gels at neutral pH at approximate- 
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ly the same rate as double-stranded DNA, in alkaline conditions, the RNA “bridge” 
will be hydrolyzed, liberating two smaller pieces of single-stranded DNA From the 
sizes of these fragments, it is often possible to assign locations to intron/exon 
junctions m the origmal segment of genomic DNA (Berk and Sharp 1977) For 
digestion of the single-stranded regions of DNA RNA hybnds, higher temperatures 
(37'’C-45°C) or increased quantities of nuclease SI are generally required However, 
it IS rarely possible to establish conditions that will lead either to complete resis¬ 
tance to digestion or to complete digestion of structures of the type shown in Figure 
7 3 The changing ratios of the various digestion products obtained under different 
conditions can often provide useful clues about the distribution of intron/exon 
borders in genomic DNA 

6. Chill the reaction to 0°C. Add 80 fil of nuclease-Sl stop mixture and mix. 


Nuclease-Sl stop mixture 

4 M ammonium acetate 
50 mM EDTA (pH 8.0) 

50 ju,g/ml tRNA (carrier RNA) 


For preparation of carrier RNA, see notes to step 1, page 7 62 

7. Recover the nucleic acids from the nuclease-Sl digest by precipitation 
with 2 volumes of ethanol. After storage for 60 minutes at -20“C, 
centrifuge the tube at 12,00Qg for 15 minutes at 4°C Carefully wash the 
pellet with 70% ethanol and recentrifuge. Remove the supernatant, and 
store the open tube at room temperature until the last visible traces of 
ethanol have evaporated 

8. Dissolve the pellet in 4 pi of TE (pH 7.4) 

9. Add 6 pi of formamide loading buffer and mix well. 


Formamide loading buffer 

80% formamide 
10 mM EDTA (pH 8.0) 

1 mg/ml xylene cyanol FF 
1 mg/ml bromophenol blue 

Formamide: Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used ivithout further treatment. However, if 
any yellow color is present, the formamide should be deiomzed as 
described in step 2, page 7.67. 


10. Heat the nucleic acids for 5 minutes at 95°C, and then immediately 
transfer the tube to an ice bath 

11. Analyze the radiolabeled DNA by electrophoresis through a polyacryl- 
amide/7 m urea gel (see Chapter 13) cast according to the expected sizes 
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of the radioactive fragments As molecular-weight markers, use end- 
labeled fragments of DNA of known size 


Size of band 

% Polyacrylamide/urea gel (nucleotides) 


4 >250 
6 60-250 
8 40-120 
10 20-60 
12 10-50 


Tracking dyes migrate through denaturing polyacrylamide gels at the 
following approximate positions equivalent to nucleotide migration 


% Polyacrylamide/urea gel 

Xylene cyanol FF 
(nucleotides) 

Bromophenol blue 
(nucleotides) 

4 

155 

30 

6 

110 

25 

8 

75 

20 

10 

55 

10 


12. Establish an autoradiographic image of the gel as described in Appendix 
E 
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MAPPING OF SNA WITH BIBOMJCLEASE AND RADIOLABELED 
KNA PROBES 

Radiolabeled RNA probes can be used in hybridization experiments in the 
same way as single-stranded DNA probes to detect and quantitate specific 
RNAs and to study gene and mRNA structure (Lynn et al. 1983; Zinn et al. 
1983; Cox et al. 1984) The primary differences between the two procedures 
are the methods used to synthesize the probes and the use of RNAase to 
digest regions of the probe that do not form hybrids with the corresponding 
gene or mRNA (Zinn et al. 1983). 

The strategy for mapping mRNA with radiolabeled RNA probes generated 
in vitro is illustrated in Figure 7 6 A segment of DNA containing all or part 
of the gene of interest is inserted into a polycloning site immediately 
downstream from a bacteriophage T7 or SPG promoter, in an orientation that 
leads to the production of antisense RNA (Zinn et al 1983; Melton et al. 
1984) The recombinant plasmid is digested with a restriction enzyme that 
cleaves at a convenient site within the gene or at a site in the plasmid 
downstream from it. The linearized plasmid is then transcribed in the 
presence of ®^P-labeled rNTPs with the appropriate bacteriophage DNA- 
dependent RNA polymerase to produce an RNA that extends from the 
initiation site of the promoter to the end of the DNA fragment. An excess of 
this ®^P-labeled single-stranded RNA is hybridized in solution with the RNA 
being tested so that all complementary sequences are driven into ^^P-labeled 
RNA:RNA hybrids The amount of radiolabeled RNA required to force 
hybridization to completion is usually determined empirically in preliminary 
experiments After unhybridized material has been removed by digestion 
with RNAase, the radiolabeled RNA'RNA hybrid is then detected and quanti¬ 
tated by polyacrylamide gel electrophoresis under denaturing conditions, 
followed by autoradiography 

Mapping of RNA with RNAase is extremely sensitive: Reconstruction 
experiments have shown that as little as 0 1 pg of mRNA can be detected by 
exposing the autoradiograph for several days (Melton et al. 1984). The 
sensitivity of this method is therefore approximately 20-fold greater than 
that attainable with double-stranded DNA probes or end-labeled single- 
stranded DNA probes and approximately equal to that attainable with 
uniformly labeled single-stranded DNA probes Furthermore, the digestion of 
RNA RNA hybnds with RNAase appears to suffer from fewer artifacts than 
digestion of RNA.DNA hybrids with nuclease Si For these reasons and 
because of the relative ease with which radiolabeled RNA probes can be 
synthesized, it is not surprising that RNAase digestion of RNA:RNA hybrids 
has become a standard method to quantitate mRNA molecules, to map their 
termini, and to determine the positions of mtrons within the corresponding 
gene. 
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Transcribe linear DNA in vitro 

bacteriophage SP6 with appropriate DNA-dependent 

p2pjrNTPs DNA-dependent RNA polymerase and remove 

RNA polymerase template DNA by digestion 

with pancreatic DNAase I 
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1. Synthesize a uniformly labeled, strand-specific RNA probe as described 
in Chapter 10 The probe should be used within a few days to avoid 
problems caused by radiochemical damage to the RNA 

2. Precipitate 0 5-150 fxg of the RNA that is to be analyzed by adding 0 1 
volume of 3 M sodium acetate (pH 5 2) and 2 5 volumes of ice-cold 
ethanol Store the solution at 0°C for 30 minutes, and then recover the 
RNA by centrifugation at 12,000^? for 15 minutes at 4°C in a microfuge 
Wash the pellet with 70% ethanol and recentrifuge Carefully remove all 
of the ethanol, and store the pellet at room temperature until the last 
visible traces of ethanol have evaporated 

The amount of unlabeled RNA required depends on the concentration of the 
sequences of interest and the specific activity of the radiolabeled complementary 
RNA Before embarking on large-scale experiments, it is advisable to carry out 
preliminary experiments to establish the range of concentrations of RNAs that yield 
acceptable results With RNA probes that have been radiolabeled to high specific 
activity (> 10*' cpm/pg), 10 jug of total RNA is usually sufficient to allow detection of 
mRNA species that are present at the level of 1-5 copies/cell To detect sequences 
present m lower amounts (e g, in RNA extracted from heterogeneous populations of 
cells), up to 150 pg of RNA may be used in a 30-p,l hybridization reaction For ease 
of manipulation in subsequent steps, it is advisable to keep the hybridization volume 
to 30 III or less If reagents are in short supply, the hybridization reactions can be 
scaled down to 10 ^1 

When comparing different preparations of RNA, make sure that all of the reactions 
contain the same amount of RNA In this way, digestion with RNAase is carried out 
under standard conditions If necessary, adjust the amount of RNA in the hybridiza¬ 
tion reactions by adding carrier RNA (For preparation of earner RNA, see notes to 
step 1, page 7 62) 

3. Redissolve the RNA to be analyzed in 30 /ul of hybridization buffer 
containing a small molar excess of radiolabeled probe Pipette the 
solution up and down many times to make sure that the pellet is 
completely dissolved 


Hybridization buffer 

40 mM PIPES (pH 6.4) 

1 mM EDTA (pH 8.0) 

0 4m NaCl 
80% formamide 

PIPES. Use the disodium salt of PIPES (piperazine-Ar,iV'-bis[2- 
ethanesulfonic acid]) to prepare the buffer, and adjust the pH with 
1 N HCl. 

Formamide: Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used without further treatment. However, if 
any yellow color is present, the formamide should be deionized by 
adding Dowex XG8 mixed-bed resin and stirring on a magnetic 
stirrer for 1 hour and filtering twice through Whatman No. 1 
paper. Deionized formamide should be stored m small aliquots 
under nitrogen at -70°C. 


7.74 Extraction, Purification, and Analysis of Messenger RNA from Eukaryotic Cells 



It IS often difficult to obtain complete dissolution in hybndization buffer of RNA that 
has been precipitated with ethanol The problem is exacerbated if the pellet is dried 
in a desiccator Sometimes the RNA can be redissolved by a combmation of vigorous 
pipetting and heating to 60°C If difficulties persist, or if equivalent signals are not 
obtained from duplicate samples of RNA, the folloiving procedure is recommended 
a After step 2, dissolve the RNA in 40—50 ^il of water Evaporate the sample in a 
rotary evaporator until it is just dry 

b Add 30 /tl of hybridization buffer The hydrated RNA goes into solution quickly 
and easily and gives extremely reproducible results 

Usually, 1 X 10® to 5 x 10® cpm of probe are used per hybridization A single in vitro 
transcription reaction with bacteriophage SP6 or bacteriophage T7 DNA-dependent 
RNA polinnerase generates enough probe (~ 2 pmoles) for more than 200 hybridiza¬ 
tion reactions However, because background increases as more probe is added to the 
hybridization reaction, add only enough probe to achieve a small molar excess This 
IS usually determined empirically by RNAase digestion of a series of hybridization 
mixtures containing different ratios of probe RNA to target RNA If necessary, the 
system can be calibrated by setting up a senes of control reactions containing a 
constant amount of radiolabeled RNA and increasing amoimts of unlabeled RNA 
transcnbed in vitro from the opposite strand of an appropnate double-stranded DNA 
template (see Chapter 10) 

4. Incubate the hybridization mixture at 85°C for 10 minutes to denature 
the RNAs. Quickly transfer the hybridization mixture to a water bath 
set at the annealing temperature Incubate the mixture for 8—12 hours. 

The optimal temperature for annealing vanes from RNA to RNA, presumably 
depending on such factors as G + C content and propensity to form secondaiy 
structures In most cases, satisfactory results are obtained when the RNA is 
annealed at 45'’C-50°C Optimal conditions for the hybndization of specific probes 
can be established by reconstruction expenments, in which the radiolabeled probe is 
hybndized at temperatures ranging between 25°C and 65°C to unlabeled RNA 
transcnbed in vitro from the opposite strand of an appropnate double-stranded DNA 
template (see Chapter 10) 

5. Cool the hybndization mixture to room temperature, and add 300 jul of 
RNAase digestion mixture 


RNAase digestion mixture 

300 lUM NaCl 

10 mM Tris • Cl (pH 7.4) 

5 niM EDTA (pH 7.5) 

2 jug/ml RNAase T1 
40 )u.g/ml RNAase A 


Digest the hybridization reaction for 60 minutes at 30°C 

Concentrated stock solutions of RNAases are usually made up in 10 mM Tns Cl (pH 
7 6), 15 mM NaCl and stored at —20°C (RNAase A, 10 mg/ml [see Appendix B], 
RNAase Tl, 100 Mg/ml) 

The time and temperature of the digestion with RNAase should be detemimed 
empincally if the signal-to-noise ratio is unacceptable 

6. Add 20 ixl of 10% SDS and 10 fd of a 10 mg/ml solution of proteinase K. 
Incubate the reaction for 30 minutes at 37°C 
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The solution of proteinase K should be freshly prepared Solutions that have been 
frozen or thawed several tunes do not work well and sometimes lead to the 
degradation of RNA 

7. Add 400 /il of phenol;chloroform, vortex for 30 seconds, and centrifuge at 
12,00Qg for 5 minutes at room temperature in a microfuge 

8. Transfer the upper, aqueous phase to a fresh tube, carefully avoiding the 
interface between the organic and aqueous phases 

9. Add 20 jiig of tRNA and 750 /ul of ice-cold ethanol Mix well by vortexing, 
and store the solution at -20°C for 30 minutes 

10. Recover the RNA by centrifugation at 12,000g for 15 minutes at 4°C in a 
microfuge Carefully remove the ethanol and wash the pellet with 500 jA 
of 70% ethanol Recentnfuge 

11. Carefully remove all of the ethanol, and store the open tube at room 
temperature until the last visible traces of ethanol have evaporated 

12. Resuspend the precipitate in 10 jul of formamide loading buffer 


Formamide loading buffer 

80% formamide 
10 mM EDTA (pH 8.0) 

1 mg/ml xylene cyanol FF 
1 mg/ml bromophenol blue 

Formamide. Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used without further treatment However, if 
any yellow color is present, the formamide should be deionized as 
descnbed in step 3, page 7.74 


13. Heat the nucleic acids for 5 minutes at 95°C, and then immediately 
transfer the tube to an ice bath 

14. Analyze the radiolabeled RNA by electrophoresis through a polyacryl- 
amide/7 m urea gel (see Chapter 13) cast according to the expected size of 
the radioactive fragments (see step 11, page 7 70). As molecular-weight 
markers, use end-labeled fragments of DNA of known size 

The relative mobility of RNA and DNA through polyacrylamide/7 M urea gels varies 
according to the conditions used for electrophoresis In general, the faster the gel is 
run, the less the difference in mobility between RNA and DNA molecules of identical 
size. Under the conditions normally used (40-45 V/cm), RNA runs approximately 
5%-10% slower than DNA of the same size Thus, a 90-nucleotide RNA will migrate 
at approximately the same rate as a 100-nucleotide DNA. If absolute measurement 
of the size of the RNA is required, a series of radioactive probes of defined length can 
be generated by m vitro transcription of a double-stranded dNA template after 
digestion with restriction enzymes that cleave at sites progressively more distal to a 
bactenophage promoter or by end-labeling of commercially available RNA markers 
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15. Establish an autoradiographic image of the gel as described in Appendix 
E 

Notes 

I. It IS important to remove the template DNA completely from the tran¬ 
scription reaction by digestion with RNAase-ficee pancreatic DNAase I 
(see Chapter 10) Trace amounts of partially degraded template DNA in 
the hybridization mixture will lead to the formation of DNA:RNA hybrids 
that will be detected on the autoradiograph. This problem can be 
minimized by titratmg the amount of probe needed for each test sample 
to give a strong signal without a large eunount of background. 

II . A control hybridization reaction containing 20 /tg of tRNA instead of the 
RNA being tested should always be earned out to check for spurious 
protection of the probe from digestion by RNAases RNAase-resistant 
fragments can be formed if the probe contains self-complementary se¬ 
quences or if it IS contaminated with a small quantity of RNA transenbed 
from the opposite strand of the DNA template. These rare com¬ 
plementary transcripts are thought to be generated by transcnption 
initiated by bacteriophage T7 and SP6 RNA polymerases at the ends of 
the template (Schenbom and Mierendorf 1985) Significant quantities of 
these extraneous transenpts are synthesized in vitro only when the 
linearized DNA templates carry protruding 3' termini. This problem can 
therefore be minimized by using a restriction enzyme that generates 5' 
protruding termini to linearize the plasmid or by modifying the termmi 
with bacteriophage T4 DNA pol 3 mierase before the transcription reaction 
If all other procedures fail, it is possible to punfy a probe of the desired 
length by agarose or polyacrylamide gel electrophoresis. 

Ill Problems occasionally arise because of degradation of the probe before the 
hybridization reaction or, more rarely, because of the ssmthesis of tran¬ 
scripts that are less than full-length. In both cases, many smaller 
fragments are observed in addition to a protected RNA fragment of the 
expected size. Check that none of the reaction buffers or enzymes is 
contaminated with RNAase, and analyze an aliquot of the probe by 
electrophoresis through a polyacrylamide gel under denaturing condi¬ 
tions In a typical reaction with bacteriophage SP6 or T7 RNA polymer¬ 
ase, more than 90% of the transcripts will appear as a single band of the 
expected size Contamination with RNAase will result in the appearance 
of a smear of smaller fragments of RNA in the gel. This problem can be 
circumvented by making fresh buffers and checking them for RNAase 
contamination using the gel electrophoresis assay. Transcripts that are 
less than full-length may also be generated if the conditions for transcrip¬ 
tion are not optimal (see Melton et al. 1984; Krieg and Melton 1987) or if 
there are signals for termination of transcnption in the template. Once 
again, this problem can be solved by purifying the transcripts of the 
correct length by agarose or polyacrylanude gel electrophoresis. 

iv. Certain batches of ®^P-labeled UTP contain inhibitors that can cause 


Extraction, Purification, and Analysis of Messenger RNA from Eukaryotic Cells 7.77 



premature termination of nascent transcripts This problem can usually 
be circumvented by using another radiolabeled nucleotide 
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ANALYSIS OF KNA BY PSIMER EXTENSION 

Primer extension is used to map and quantitate the 5' termini of RNA and to 
detect precursors and processing intermediates of mRNA. The test RNA is 
hybridized with an excess of a single-stranded DNA primer (a synthetic 
oligonucleotide or a restriction fragment) radiolabeled at its 6' terminus. 
Reverse transcriptase is then used to extend this primer to produce cDNA 
complementary to the RNA template The length of the resulting end-labeled 
cDNA, as measured by electrophoresis through a polyacrylamide gel under 
denaturing conditions, reflects the distance between the end-labeled nu¬ 
cleotide of the primer and the 5' terminus of the RNA. The yield of cDNA is 
approximately proportional to the concentration of the target sequences in 
the mRNA preparation. 

If desired, the end-labeled cDNA can be extracted from the gel and 
sequenced by the Maxam-Gilbert method. It is also possible to sequence the 
cDNA directly by including dideoxynbonucleoside triphosphates in the 
primer-extension reaction, but this should be done only after it has been 
established that a single species of cDNA is synthesized during the reaction. 

Either single-stranded or denatured double-stranded DNAs can be used as 
primers In the latter case, the conditions for hybridization are adjusted to 
suppress the formation of DNA. DNA hybrids in favor of DNA:RNA hybrids. 
Because it is not usually possible to prevent completely the formation of 
DNA DNA hybrids, it is advisable always to include controls that contain no 
RNA m the hybridization reaction. Fragments of double-stranded DNA used 
as primers are usually 75-150 nucleotides in length and are radiolabeled at 
both ends by phosphorylation or by incorporation of radiolabeled dNTPs at a 
recessed 3' terminus 

Single-stranded DNA primers, which are preferred for experiments of this 
type, are synthetic oligonucleotides 30-40 nucleotides in length Primers of 
this type have two mam advantages’ They eliminate the formation of 
DNA DNA hybrids and they can be precisely designed to hybridize to specific 
sequences of the mRNA In this way, it is possible to avoid potential 
problems caused by secondary structure in the mRNA and to maximize 
resolution of the cDNA products from the primer by gel electrophoresis. 

It is important to use primers whose target sequences are located withm 
100 nucleotides of the 5' terminus of the mRNA Primers that hybridize to 
more-distal sites frequently generate heterogeneous extension products be¬ 
cause of the tendency of reverse transcriptase to stop or pause in regions of 
high secondary structure in the template RNA 
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1. Radiolabel the fragment of DNA to be used as a primer Double-stranded 
DNA may be labeled either by phosphorylation or by filling of a recessed 
3' terminus (see Chapter 10) Oligonucleotides are labeled by phosphor¬ 
ylation (see Chapter 11) 

The length of the pnmer is not critical and can range from 75 to 150 or more 
nucleotides However, the shorter the pnmer, the greater the difference m size 
between it and the extended product 

2. Mix 10^-10® cpm of the DNA pnmer with 0 5-150 p,g of the RNA that is 
to be analyzed. Add 0.1 volume of 3 m sodium acetate (pH 5 2) and 2 5 
volumes of ethanol Store the solution at — 20“C for 30 minutes, and then 
recover the RNA by centnfugation at 12,000g for 10 minutes at 4°C m a 
microfuge Wash the pellet with 70% ethanol and recentnfuge Careful¬ 
ly remove all of the ethanol, and store the pellet at room temperature 
until the last visible traces of ethanol have evaporated 

The amount of unlabeled RNA required depends on the concentration of the 
sequences of interest Before embarking on large-scale expei iments, it i.s advisable 
to carry out preliminary experiments to establish the lange oi concentrations of 
RNAs that yield acceptable results Usually, 10 /ug of total RNA i.s sufficient to allow 
mapping of the 5' termini of mRNA species that are present at the level of 1-5 
copies/cell To analyze RNAs present in lower amounts (e g, in RNA extracted from 
heterogeneous populations of cells), up to 150 ixg of RNA may be used in a 30-^il 
hybndization reaction For ease of manipulation in subsequent steps, it is advisable 
to keep the hybridization volume to 30 p.1 or less If reagents are in short supply, the 
hybridization reactions can be scaled down to 10 ftl 

To minimize problems caused by contamination with RNAase, tieat all of the 
reagents and tubes as desenbed on pages 7 3-7 4 

3. Redissolve the precipitated nucleic acids in 30 jul of hybridization buffer 
Pipette the solution up and down many times to make .sure that the 
pellet IS completely dissolved 


Hybridization buffer 

40 mM PIPES (pH 6.4) 

1 niM EDTA (pH 8 0) 

0 4m NaCl 
80% formaimde 

PIPES. Use the disodium salt of PIPES (piperazine-iV,N'-bis[2- 
ethanesulfonic acid]) to prepare the buffer, and adjust the pH with 
1 N HCl. 

Formamide' Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used without further treatment. However, if 
any yellow color is present, the formamide should be deionized by 
adding Dowex XG8 mixed-bed resin and stirring on a magnetic 
stirrer for 1 hour and filtenng twice through Whatman No. 1 
paper. Deionized formamide should be stored in small aliquots 
under nitrogen at -70“C. 
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It IS often difficult to obtain complete dissolution in hybridization buffer of the pellet 
of nucleic acids that has been precipitated with ethanol This problem is exacerbated 
if the pellet is dried m a desiccator Sometimes the pellet can be redissolved by a 
combination of vigorous pipetting and heating to 60®C If difficulties persist, or if 
variable signals are obtained from duplicate samples of RNA, the following proce¬ 
dure IS recommended 

a After step 2, dissolve the pellet in 40—50 /xl of water. Evaporate the sample in a 
rotary evaporator until it is just dry 

b Add 30 fji\ of hybridization buffer The hydrated pellet goes into solution quickly 
and easily and gives extremely reproducible results 

Usually, lO'^-lO^ cpm of primer are used per hybridization However, because the 
number of artifactual bands increases as more primer is added to the hybridization 
reaction, it is advisable to carry out a series of pilot reactions that contain a constant 
amount of RNA and different amounts of primer 


4. Incubate the hybridization mixture at 85°C for 10 minutes to denature 
the nucleic acids. Quickly transfer the hybridization mixture to a water 
bath set at the annealing temperature Incubate the mixture for 8—12 
hours 

The optimal temperature for annealing varies from RNA to RNA, presumably 
depending on such factors as G + C content, its propensity to form secondary 
structures, and the length of the primer Optimal conditions should be established 
in a senes of pilot experiments With double-stranded DNA pnmers, the aim is to 
minimize formation of DNA.DNA hybrids and to maximize annealing of the pnmer 
to its target RNA In most cases, satisfactory results are obtained at 40 C-dO C 
With oligonucleotide pnmers, the aim is to minimize formation of mismatched 
hybrids Primers 30-40 nucleotides in length usually yield satisfactory results when 
annealed to RNA at 30°C 

5. Add 170 jLtl of water and 400 /xl of ethanol. Mix well, and store at 0°C for 
1 hour Collect the precipitate of nucleic acids by centrifugation at 
12,000^ for 15 minutes at C’C in a microfuge Carefully discard the 
supernatant and wash the pellet with 500 //.I of 70% ethanol 
centrifuge Carefully discard the supernatant, and store the open tube at 
room temperature until the last visible traces of ethanol have evapo¬ 
rated. 

6. Redissolve the pnmer.RNA hybrids in 20 /xl of reverse transcriptase 
buffer 


Reverse transcriptase buffer 

50 mM Tris • Cl (pH 7.6) 

60 mM KCl 
10 inM MgClg 
1 mM of each dNTP 
1 mM dithiothreitol 
1 unit/jul placental RNAase inhibitor 
50 jag/ml actinomycin D 
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Add 50 units of murine reverse transcriptase, and mix well by gentle 
vortexing. Try to avoid making bubbles This is sometimes difficult 
because reverse transcriptase is supplied in a buffer containing Triton 
X-100. Bubbles may be removed by brief centrifugation in a microfuge 
Incubate the reaction for 2 hours at 37°C 

Once initiated by a primer, synthesis of a cDNA molecule usually proceeds to the 5' 
terminus of the RNA template However, regions of the template that are nch m 
secondary structure may cause reverse transcriptase to pause oi stop, resulting m 
cDNAs that are less than full-length This artifact can be minimi/ed bv performing 
the reaction in the presence of higher (5 mM) concentrations of dNTPs and using a 
primer that is complementary to sequences of the mRNA that lie within 50-100 
nucleotides of its 5' terminus However, to distinguish between arlilticts of reveise 
transcription and true heterogeneity of 5' termini, it is often necess<uv to tairy out 
nuclease-Sl analysis with probes labeled at their 5' termini 

Actinomycin D inhibits synthesis of double-stranded DNA by reverse tiansinplase 
without significantly affecting the yield of first-strand DNA It tliereton* prevents 
the synthesis of “hairpin” molecules that are formed when the fust strand of DNA 
serves as a primer/template The efficiency of this self-pnming is be!u‘\ed to vary 
widely from mRNA to mRNA but is generally quite low However, sinti* atlinomvcin 
D does not affect the efficiency with which mRNA is copied into DNA, its routine use 
IS recommended to reduce the possibility of obtaining artifactual [mKlucts ot the 
pnmer-extension reaction Stock solutions of actinomycin D are usualK [uepaied in 
ethanol at a concentration of 5 mg/ml, stored at - 20T in the dark, and dilut(*d into 
the reaction mixture immediately before use 

Caution: Actinomycin D is a teratogen and a carcinogen Stock solutions should be 
prepared, wearing gloves and a mask, m a chemical hood, not on an open bench 
Solutions of actinomycin D are hght-sensitive 


7. Add 1 jul of 0 5 M EDTA (pH 8 0) and 1 /xl of DNAase-frve pancreatic 
RNAase (5 /xg/ml) (see Appendix B) Incubate the reaction for 30 
minutes at 37°C 

8. Add 150 fil of TE (pH 7 6), containing 0 1 m NaCl, and 200 /al o( 
phenol chloroform Vortex for 30 seconds, and centrifuge at 12,()()0^^ foi 5 
minutes at room temperature in a microfuge 

9. Transfer the upper, aqueous phase to a fresh tube, carefully avoiding the 
interface between the organic and aqueous phases 

10. Add 600 ix\ of ethanol Mix well, and store at 0°C for 1 hour 

11. Recover the nucleic acids by centrifugation at 12,000^ for 15 minutes at 
4°C in a microfuge. Carefully remove the ethanol and wash the pellet 
with 500 jul of 70% ethanol Recentnfuge 

12. Carefully remove all of the ethanol, and store the open tube at room 
temperature until the last visible traces of ethanol have evaporated 

13. Dissolve the pellet in 4 fxl of TE (pH 7,4), add 6 fil of formamide loading 
buffer, and mix well. 
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Formamide loading buffer 

80% formamide 
10 HIM EDTA (pH 8.0) 

1 mg/ml xylene cyanol FF 
1 mg/ml bromophenol blue 

Formamide: Many batches of reagent-grade formamide are suf¬ 
ficiently pure to be used without further treatment. How'ever, if 
any yellow color is present, the formamide should be deionized as 
described in step 3, page 7.80. 


14. Heat the mixture for 5 minutes at 95°C, and immediately transfer the 
tube to an ice bath 

15. Analyze the radiolabeled DNA by electrophoresis through a polyacryl¬ 
amide/? M urea gel (see Chapter 13) cast accordmg to the expected sizes 
of the radioactive fragments (see step 11, page 7.70). As molecular- 
weight markers, use end-labeled fragments of DNA of known size. 

16. Establish an autoradiographic image of the gel as described in Appendix 
E 
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